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Titanium dioxide (TiO2) photocatalysis has been widely explored for 
emerging contaminants degradation. However, this technology still has certain 
drawbacks such as: (1) high recombination rate of photo generated holes and 
electrons that in turn lead to low quantum yield, and (2) low light harvesting 
ability due to its wide band gap. One possible way to enhance its 
photocatalytic activity is to combine TiO2 with graphene oxide (GO). In this 
thesis, the application of graphene-TiO2 (Gr-TiO2) nanocomposites for 
selected pharmaceuticals degradation was studied in detail. The present study 
provides new insights for application of Gr-TiO2 nanocomposites for 
micropollutants degradation from drinking water.  
In this study, a simple microwave hydrothermal method was used for the 
synthesis of nanocomposites with different graphene (Gr) contents and TiO2. 
An antiepileptic drug, carbamazepine (CBZ) was used as a model compound 
to evaluate the performance of Gr-TiO2 nanocomposites generated. The 
degradation of CBZ was evaluated as a function of Gr content in 
nanocomposites. It was found that a minimum Gr content of 1-2% in 
nanocomposites could enhance rate constant by 1.75 times higher when 
compared to bare TiO2. The photocatalytic process was found to be affected 
by various operating parameters such as initial pollutant concentrations, UV 
intensity and Gr-TiO2 dose etc. The optimum photocatalytic conditions were 
studied using response surface methodology (RSM), which is the most 
powerful statistical technique for optimizing and understanding the 
performance of photocatalytic degradation process with minimum 
experimental runs. The results obtained suggested that the degradation 
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efficiencies of CBZ were significantly affected by the synergistic effect of Gr-
TiO2 dosage and UV intensity.  
The influence of most important water quality parameters such as pH, 
alkalinity, ionic strength and natural organic matter (NOM) on CBZ 
degradation were studied using Gr-TiO2 nanocomposites. Firstly, CBZ 
degradation was efficient at alkaline pH conditions (88% degradation at 6 min 
UV irradiation). As most of the drinking water resources are alkaline in nature, 
Gr-TiO2 nanocomposites are a promising photocatalyst for CBZ degradation in 
natural water. Secondly, at higher alkalinity concentrations (300 mg/L CaCO3) 
there was considerable decrease on CBZ degradation (CBZ degradation 
decreased from 92% to 36%) due to quenching effects of carbonate ions 
radicals. Also, the presence of chloride ions blocks the formation of chain 
reaction of hydroxyl free radicals thereby decreasing CBZ degradation rate to 
a greater extent. Further, it was observed that 87% decrease in pseudo-first 
order rate constant with the presence of 0.5 ppm HA due to inner filter effect, 
deactivation of catalyst surface by adsorption as well as competition for 
reactive species. And also, it was demonstrated that photogenerated holes were 
the primary active species in CBZ degradation using TiO2 and Gr-TiO2 
nanocomposites. Further, in order to facilitate practical application, Gr-TiO2 
nanocomposites were immobilized on the surface of ceramic membranes. The 
performance of the resulting membrane was evaluated for CBZ degradation in 
a continuous flow reactor. The highest CBZ degradation (42%) was achieved 
at 1.0 mW/cm2 and 15 L/m2h.  
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The pharmaceuticals have been used for diagnosis and treatment of diseases in 
humans and animals. The annual worldwide average per capita consumption 
of pharmaceuticals is estimated as 15 g and the value is expected to be higher 
(50-150 g) in industrialized countries (Zhang et al. 2008b). After application 
most of the pharmaceuticals are not completely degraded and eventually enter 
the ecosystem either as parent compound or as its metabolites. These 
pharmaceutical residues are transported to water systems by 3 distinct routes. 
Firstly, through the wastewater treatment plants (WWTPs). Usually, WWTPs 
are designed to treat easily or moderately biodegradable compounds and not 
for pharmaceuticals (Verlicchi et al. 2012). Most of these pharmaceuticals are 
highly polar, low volatile and extremely resistant to biological degradation 
process (Breton and Boxall 2003). As a result, variety of pharmaceutical 
compounds is continuously released into aquatic environment (Batt et al. 
2006, Jones et al. 2001).  
The second route of pharmaceuticals transport to aquatic systems is by 
improper disposal of pharmaceuticals. In Germany, it was estimated that about 
16,000 tons of pharmaceuticals were disposed every year from human medical 
care. Most of those disposed drugs were either flushed down the toilets or 
disposed through normal household waste (Scheytt et al. 2006). Thirdly, 
pharmaceutical residues were introduced into groundwater by surface water 




filtration, leakage, groundwater recharge, etc. For instance, CBZ was detected 
in the groundwater at concentration up to 610 ng/L (Drewes et al. 2002). CBZ 
is an anti-epileptic drug that is used to control seizures. CBZ is proposed as an 
anthropogenic marker in water bodies (Clara et al. 2004). If these 
pharmaceutical residues are not effectively treated by water treatment systems, 
the pharmaceuticals will be unintentionally consumed by humans. For 
instance, clofibric acid (a lipid regulator metabolite) was found in tap water in 
Berlin at concentrations in range of 10 ng/L and 165 ng/L (Stan et al. 1994).   
Even though these pharmaceutical compounds occur in low ppt to ppb levels, 
they might constitute a potential risk for aquatic and terrestrial organisms. The 
presence of pharmaceuticals in water has been associated with a number of 
negative consequences such as short-term and long-term toxicity, endocrine 
disrupting effects and antibiotic resistance of microorganisms (Fent et al. 
2006, Pruden et al. 2006). Hoeger et al. (2005) demonstrated that the presence 
of diclofenac (0.5–50 μg/L) could affect the tissues of gills and kidney of 
freshwater fish, brown trout (Salmo trutta f. fario), thereby imposing risk to 
fish populations. Carlsson et al. (2006) reported that the presence of 0.01 μg/L 
of pharmaceuticals (ibuprofen, diclofenac, E2 and EE2) has led to chronic 
toxic effects to aquatic ecosystem. However, the knowledge about the long-
term risks on non-target organisms and human health is still lacking (Jelic et 
al. 2013). Till now, discharge guidelines and standards do not exist for 
pharmaceutical and personal care products (PPCPs) and steroid hormones 
(Luo et al. 2014).  
Several advanced treatment techniques are available to efficiently reduce the 
concentration of the pharmaceuticals in water. These techniques include 




heterogeneous photocatalysis (Calza et al. 2006, Doll and Frimmel 2004, 
Klavarioti et al. 2009), ozonation (Andreozzi et al. 2005, Gerrity et al. 2011), 
activated carbon adsorption (Snyder et al. 2007) and membrane technology 
(Kimura et al. 2009, Sahar et al. 2011, Yangali-Quintanilla et al. 2011). 
Among these techniques, heterogeneous photocatalysis seems to be one of the 
most promising techniques for degradation of pharmaceuticals (Klavarioti et 
al. 2009). TiO2 is the most widely applied semiconductor photocatalyst due to 
its inherent properties such as low cost, non-toxicity and photostability (Chong 
et al. 2010). When TiO2 is illuminated with UV light, electrons are promoted 
from valence band to conducting band thereby creating holes in the valence 
band. The excited electrons react with the adsorbed oxygen molecules and 
form superoxide radicals (O2
∙-). The holes will react with the adsorbed water 
molecules to form highly reactive hydroxyl radicals (OH∙). The produced 
reactive radicals can achieve complete mineralization of a wide variety of 
pollutants. However, the application of TiO2 photocatalysis is still in the stage 
of laboratory studies due to certain limitations. Firstly, fast recombination of 
electron-hole pairs leading to low quantum yield and wide band gap of TiO2 
that in turn lead to poor light harvesting ability (Fujishima et al. 2008). The 
other limitations include low adsorption capacity to hydrophobic 
contaminants, high aggregation tendency and difficulty of separating TiO2 
after treatment process (Bhattacharyya et al. 2004, Gao et al. 2011). 
To overcome the above mentioned limitations and to improve the 
photocatalytic efficiency of TiO2, several approaches have been reported in 
literature. Some of these methods are: modifying TiO2 with metal and non-
metal to improve the photocatalytic activity of TiO2 in visible light region 




(Banerjee et al. 2014); modifying TiO2 surface using chelating ligands to 
enhance adsorption capacity of TiO2 (Makarova et al. 2000); and improving 
the stability of TiO2 nanoparticles using two approaches which include: (1) 
immobilizing TiO2 onto a support structure (Carp et al. 2004), and (2) 
modifying TiO2 surface using organic coating to reduce TiO2 aggregation 
(Weng et al. 2003). 
Recently, the combination of TiO2 photocatalyst with carbonaceous 
nanomaterials such as carbon nanotubes, [60]-fullerenes and Gr have been 
receiving increasing attention due to their unusual structural and electronic 
properties (Leary and Westwood 2011). Particularly, GO the most extensively 
used graphene precursor offers exciting opportunities for developing the next 
generation nanocomposites (Geim and Novoselov 2007). GO is prepared by 
the exfoliation of graphite oxide. It provides a two dimensional sp2 carbon 
network decorated by oxygen functional groups. Besides its rich surface 
property, GO suppresses the recombination of the excited charge carriers due 
to its excellent charge carriers mobility (200000 cm2V-1s-1), provides large 
specific surface area as well as good thermal and electrical conductivity 
(Xiang et al. 2012). Gr-TiO2 nanocomposites formed by the combination of 
GO with TiO2 have shown tremendous application in the field of 
semiconductor photocatalysis (Morales-Torres et al. 2012b). The advantages 
of Gr-TiO2 nanocomposites is summarized as below:  
(1) Combination of GO with TiO2 improves the charge separation and 
therefore suppresses the recombination of photogenerated electron-hole pairs, 
which eventually enhances the photocatalytic activity of photocatalyst. 




(2) GO acts as a support to anchor TiO2 nanoparticles thereby increasing the 
specific surface area of nanocomposites. 
(3) The strong π-π interaction between GO and organic pollutants improves 
the adsorption of organic pollutants onto the nanocomposites surface. 
Even though Gr-TiO2 nanocomposites show good potential for photocatalytic 
activity, they are still at an early stage of development. The evaluation of 
photocatalytic degradation of Gr-TiO2 nanocomposites are limited to certain 
types of compounds such as dyes (Wang and Zhang 2011, Zhang et al. 2009), 
volatile organic compounds in gas phase (Zhang et al. 2010b) and reduction of 
Cr (VI) (Jiang et al. 2011). The application of Gr-TiO2 nanocomposites for 
micropollutants removal from water is scarce. Thus far only one scientific 
work has been published dealing with the application of Gr-TiO2 
nanocomposites for degradation of diphenhydramine (DP) pharmaceuticals 
(Pastrana-Martínez et al. 2012b). Therefore, further research works are needed 
to understand the feasibility of applying Gr-TiO2 nanocomposites for 
pharmaceuticals degradation and also on their immobilization on substrates for 
operation of photoreactor in continuous mode. Some of the above mentioned 
problems will be briefly discussed in the following section. 
1.2 Problem statement 
Several research questions have to be answered before extending the 
application of Gr-TiO2 nanocomposites for drinking water treatment processes 
and they are listed below:  
 




 What would be the optimum GO loading in the Gr-TiO2 
nanocomposites  
The amount of GO content plays a crucial role in deciding the 
photocatalytic activity of the Gr-TiO2 nanocomposites. The variation in 
amount of GO would therefore affect the performance of resulting 
nanocomposites. Generally, an increase in GO content in nanocomposite 
improves the photocatalytic activity. However, increasing the GO content 
beyond a certain threshold limit could lead to a reduction in the 
photocatalytic activity of nanocomposites. This is because the superfluous 
GO loading would obstruct the light absorption by the nanocomposites and 
thereby decreases the photocatalytic degradation of the target compounds 
(Wang and Zhang 2011). Therefore, it essential to know the optimum GO 
loading in the nanocomposites in order to achieve high degradation rate. 
 What would be the optimum operational conditions for efficient 
pharmaceuticals degradation 
Despite rapid progress in the development of Gr-TiO2 nanocomposites 
(Xiang et al. 2012), no report is available that adequately addressed 
factors affecting the photocatalytic activity. The photocatalytic activity of 
the nanocomposites is highly depended on various operational parameters 
such as photocatalyst dose, UV intensity, pollutant initial concentration 
and irradiation time (Chong et al. 2010). Therefore, it is necessary to 
investigate the influence of these operational parameters on 
pharmaceuticals degradation using Gr-TiO2 nanocomposites. In most of 
the reported studies, experiments have been conducted by changing one 
factor at a time and keeping the other factors constant. Such studies are 




time consuming, expensive and do not include interactive effects between 
factors. These limitations can be eliminated by using the RSM. It is the 
most powerful statistical technique used to optimize and understand the 
performance of photocatalytic degradation process with minimum 
experimental runs (Cho and Zoh 2007, Liu and Chiou 2005). Thus, it is 
useful to apply RSM for optimizing the operating parameters for 
pharmaceuticals degradation by Gr-TiO2 nanocomposites. 
 What would be the influence of water chemistry on 
pharmaceuticals degradation using Gr-TiO2 nanocomposites 
In natural water, the photocatalytic efficiency of Gr-TiO2 nanocomposites 
is expected to be less. This is probably due to the influence of water matrix 
compounds on photocatalytic activity of Gr-TiO2 nanocomposites. The 
NOM, alkalinity and ionic strength are expected to scavenge the reactive 
radicals thereby reducing the photocatalytic degradation of 
pharmaceuticals. Also, pH of the solution can impact the surface charge of 
photocatalyst and charge of the pollutant molecules. These phenomena 
could affect the electrostatic interaction between photocatalyst and 
pollutant molecules. Hence, it is important to investigate the effects of 
interaction between the water characteristics and CBZ degradation using 
Gr-TiO2 nanocomposites. 
 What is the mechanism involved in pharmaceuticals degradation 
The valence band holes and conducting band electrons are the two main 
oxidants responsible for photocatalytic degradation of the organic 
pollutants. The organic pollutants can be directly oxidized by the 




photogenerated valence band holes and the produced OH∙. In order to 
understand the underlying mechanism, it is important to investigate the 
main oxidative routes responsible for pharmaceuticals degradation.  
 When Gr-TiO2 nanocomposites were immobilized on ceramic 
microfiltration membrane, what would be its photocatalytic 
efficiency 
To facilitate the recovery and reuse of the nanocomposites after its application, 
the nanocomposites could be immobilized on membrane or fibres. To-date 
only limited works have been published on immobilization of Gr-TiO2 
nanocomposites (Athanasekou et al. 2014, Gao et al. 2013, Gao et al. 2014, 
Pastrana-Martínez et al. 2015, Pastrana-Martínez et al. 2013b, Xu et al. 2014). 
Most of these works utilized polymeric membrane as a substrate and dye as 
model compound for evaluating the performance of membrane. Recently, 
ceramic membranes have become more popular compared to polymer 
membranes due to their high chemical and thermal stability. Evaluating the 
photocatalytic property of Gr-TiO2 nanocomposites immobilized on ceramic 
membrane would provide more insight for application of Gr-TiO2 
nanocomposites for pharmaceuticals degradation.  
1.3 Research scope and objectives 
Based on the aforementioned issues, the overall objective of this research is to 
investigate CBZ degradation using suspended and immobilized Gr-TiO2 
nanocomposites. The specific objectives are listed as follows: 
 




1. Systematic batch study on CBZ degradation using Gr-TiO2 
nanocomposites 
 To prepare and characterize Gr-TiO2 nanocomposites 
 To evaluate the photocatalytic performance of Gr-TiO2 
nanocomposites as a function of GO content for CBZ 
degradation  
 To optimize the operational parameters (Gr-TiO2 dosage, Initial 
CBZ concentration, and UV intensity) for CBZ degradation 
using Gr-TiO2 nanocomposites by using central composite 
design (CCD). 
 To study the effects of water chemistry (pH, NOM, ionic 
strength, and alkalinity) on CBZ degradation using Gr-TiO2 
nanocomposites 
 To understand the underlying mechanism responsible for CBZ 
degradation 
2. Investigating the performance of Gr-TiO2 nanocomposites 
immobilized ceramic microfiltration membrane for CBZ degradation 
in a continuous flow reactor  
 To prepare and characterize Gr-TiO2 nanocomposites 
immobilized ceramic microfiltration (MF) membrane  
 To evaluate the photocatalytic performance of prepared 
membrane in a continuous flow reactor for CBZ degradation 




Figure 1-1 illustrates the schematic framework of this thesis work. The 
knowledge obtained from this study will provide an in-depth understanding of 
application of Gr-TiO2 nanocomposites for pharmaceuticals degradation in 
drinking water treatment.   
 
Figure 1-1 Schematic framework of this thesis work. 
 
1.4 Organization of the thesis 
The entire thesis is divided into five chapters and organized as follows: 
Application of Gr-TiO2 nanocomposites for CBZ 
degradation
Preparation and characterization of Gr-TiO2 
nanocomposites
CBZ degradation in a 
batch study






Effects of water 




Coupling photocatalytic  




immobilized ceramic MF 
membrane 
CBZ degradation 
performance of prepared 
membrane in a continuous 
flow reactor




Chapter 1 provides a brief overview on the background information and 
motivation for this research work. And it defines the research objectives and 
scope of this research project. 
In Chapter 2, a comprehensive literature review is presented concerning the 
basic principles and factors affecting the TiO2 process, modification of TiO2 
using nanocarbonaceous materials, advantages of Gr-TiO2 nanocomposites 
and application of photocatalytic membranes. 
Chapter 3 presents the details about materials and methods employed in this 
study.  
In Chapter 4, the performance of prepared Gr-TiO2 nanocomposites is 
evaluated as a function of GO loading. Then, the different factors affecting 
CBZ degradation is discussed with the aid of CCD to determine the optimum 
conditions for 100% CBZ degradation.   
Further in Chapter 4, the effect of water matrix parameters on CBZ 
photocatalytic degradation and the main mechanism involved are discussed. In 
addition, the performance of Gr-TiO2 immobilized membrane is evaluated for 
CBZ degradation in a continuous flow reactor. 
Finally, Chapter 5 concludes the overall research findings and makes some 
recommendations for future studies. 





2 LITERATURE REVIEW 
2.1 Occurrence of micropollutants in aquatic environment 
In recent years, the occurrence of micropollutants in the aquatic environment 
has become a potential threat to human health. These micropollutants are also 
referred to as emerging contaminants that consist of both anthropogenic and 
natural substances. Known micropollutants include pharmaceuticals, personal 
care products, steroid hormones, industrial chemicals, pesticides and many 
other emerging compounds. These compounds are commonly present in water 
at low concentrations ranging from a few ng/L to several μg/L. They pose 
challenges for water and wastewater treatment processes as well as complicate 
the associated detection and analysis procedures. Current wastewater 
treatment plants (WWTPs) are not specifically designed for removing 
micropollutants. The fate of these micropollutants depends on both 
characteristics of micropollutants (e.g., hydrophobicity, biodegradability and 
volatility) and external factors (e.g., treatment conditions and competition 
between compounds in mixture). Also, precautions and monitoring actions for 
these micropollutants are not well established in most WWTPs. Hence, many 
of these compounds will eventually enter into the aquatic environment and 
impose problems for water treatment industries. Some of the most commonly 
detected pharmaceuticals in different water stream were summarized by Pal et 
al. (2010) as given in Table 2-1.  




Table 2-1 Occurrence and concentration data of various pharmaceuticals published in the literature between 2006 and 2009 (Pal et 
al. 2010). ND—not detected; dashed line—not reported. 
Compounds 


























Trimethoprim < 0.5–7900 2–212 99–1264 0–78.2 58-321 4-150 1000 ≥ 70 
Ciprofloxacin 110–1100 – 40–3353 – 42–720 23–1300 20 ≥ 70 
Sulfamethoxazole 5–2800 7–211 91–794 < 0.5–4 3.8–1400 1.7–2000 20,000 6–39 
Analgesics and anti-inflammatory 
 
Naproxen < 1–5100 0–135.2 450–1840 < 0.3–146 128–548 11–181 37,000 – 
Ibuprofen 220–3600 0–34.0 134–7100 14–44 65–1758 28–360 5000 ≤ 5 
Ketoprofen 12–110 – 225–954 < 0.5–14 – < 0.4–79.6 15.6 × 106 – 
Diclofenac < 0.5–177.1 11–82 460–3300 21–41 8.8–127 1.1–6.8 10,000 6–39 
Salicylic acid 47.2–180 70–121 40–190 < 0.3–302 9–2098 – – 6–39 
Mefenamic acid – – 1–554 < 0.3–169 4.45–396 < 0.1–65.1 – – 
Acetaminophen – 24.7–65.2 59–220 12–777 1.8–19 4.1–73 9200 ≤ 5 
Antiepileptic 
 
Carbamazepine 111.2–187 2.7–113.7 130–290 9–157 152–226 25–34.7 25,000 ≤ 5 
Beta-blockers 
 
Propranolol – – 30–44 20 50 – 500 < 0.5 
Atenolol 879 – 1720 314 – – 10 × 106 50–90 
Blood lipid regulators 
 
Clofibric acid ND–33 3.2–26.7 27–120 1–14 154 22–248 12,000 – 
Gemfibrozil 9–300 5.4–16 2–28, 571 – 3.9–17 1.8–9.1 100,000 – 
Bezafibrate ND–260 – 233–340 16–363 – – 100,000 40–69 
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CBZ is one of the most frequently detected pharmaceutical compounds in 
aquatic system (Zhang et al. 2008b). The physico-chemical and 
pharmacological properties of CBZ are summarized in Table 2-2. Tegratol is 
the commercial name for CBZ. It is used alone or in combination with other 
medicines for controlling certain types of seizures. Also, it is used for reducing 
abnormal electrical activity in the brain. Sometimes, it is used for treating 
mental illnesses, depression and posttraumatic stress disorder. The worldwide 
consumption of CBZ was about 1,014 tons per year (Zhang et al. 2008b). It 
was reported that the conventional WWTPs could remove below 10% of CBZ 
concentrations (Kosjek et al. 2009). Also, Clara et al. (2004) reported that 
there was no elimination of CBZ during conventional wastewater treatment. 
CBZ has been considered to be a “witness molecule” confirming the presence 
of pharmaceuticals in water bodies (Clara et al. 2004). Studies in Europe and 
North America have revealed that CBZ is one of the most frequently detected 
pharmaceuticals in WWTP effluents and in river water (Gao et al. 2012, 
Metcalfe et al. 2003). CBZ was detected in most of the Canadian WWTP 
effluents at concentrations up to 2.3 μg/L. Eventually, the occurrence of CBZ 
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Table 2-2 physico-chemical and pharmacological properties of CBZ (Mohapatra 




and molecular weight 
C15H12N2O 
and 236.27 g mol-1 
Water solubility 17.7 mg L-1 
Log Kow (octanol-water partitioning) 2.45 
Henry’s law constant 1.09×10-5 Pa m3mol-1 (25°C) 
pKa 13.90 
Melting point 189-193 °C 
Appearance White, light yellowish powder 
Toxicity 
Mild ingestion causes vomiting, drowsiness, 
ataxia, slurred speech, nystagmus, dystonic 
reactions, and hallucinations. Severe intoxications 
may produce coma, seizures, respiratory 
depression and hypotension 
Affected organisms Human and aquatic organisms 
 
Various advanced treatment technologies have been employed for removal of 
these persistence pharmaceuticals from water. The details about the advanced 
treatment technologies are discussed in Section 2.2. 
2.2 Advanced treatment technologies for micropollutant 
removal 
Presently, there is no specific treatment available for effective removal of 
pharmaceuticals. Various techniques such as activated carbon adsorption, 
membrane processes and advanced oxidation processes have been applied for 
pharmaceuticals removal. The following sections will summarize the merits 
and drawbacks of these techniques. 
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2.2.1 Activated carbon adsorption 
The adsorption using activated carbon has been employed to control the taste 
and odor in drinking water. This technique has also been used for 
pharmaceuticals removal. The powdered activated carbon (PAC) and granular 
activated carbon (GAC) are the two types of activated carbon that are widely 
used for adsorption processes. The removal efficiency of adsorption process is 
influenced by two factors. The first one is the properties of adsorbate such as 
Kow, pKa, molecular size and presence of specific functional groups. The 
second one is related to adsorbent properties for instance surface area, pore 
size, texture, surface chemistry, and mineral matter content (Kovalova et al. 
2013). In this section the application of PAC and GAC will be briefly 
discussed.  
PAC is considered to be an effective adsorbent for persistent organic 
compounds and has been employed for pharmaceuticals removal. Hernandez 
Leal et al. (2011) investigated the elimination of micropollutants (personal 
care products, bisphenol A and nonylphenol spiked in DI water) with initial 
concentrations ranging from 20–1600 μg/L. The results showed greater than 
94% micropollutants removal with 0.1 g PAC dose and a contact time of 5 
min. In another study, Kovalova et al. (2013) employed PAC for selected 
micropollutants (pharmaceuticals, metabolites and industrial chemicals) 
removal from a membrane bioreactor (MBR) treated hospital effluent. They 
observed that PAC removal efficiency is highly depended on contact time. 
Different PAC dose (8, 23 and 43 mg/L) was applied for the selected 
pharmaceuticals and metabolites removal with 2 days contact time. Results 
showed that there was no significant change in pharmaceuticals removal rates 
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at different PAC dose (8, 23 and 43 mg/L). And the respective removal rates 
(%) for some of the compounds were as follows: Diclofenac (96, 98, 99); 
Carbamazepine (98, 99, 100); Propranolol (91, 94, 94).  
Further in another study, Westerhoff et al. (2005) conducted experiments to 
investigate E2 removal with 1 mg/L PAC dosage in surface water collected 
from Colorado River from Lake Mead. E2 removal increased with increase in 
contact time and reached 32, 58 and 84% with contact times of 1, 4 and 24 h, 
respectively. Also, E2 removal improved with increase in PAC dose, and the 
effect of contact time become less significant at high PAC dosage (5 mg/L and 
25 mg/L). Therefore, higher micropollutant removal rate can be achieved 
either by using higher PAC dosage or longer contact time. Further, it was 
demonstrated that the presence of natural water constituents could inhibit E2 
removal. In surface water (Colorado River from Lake Mead - DOC 3.0 mg/L) 
there was 45% less E2 adsorption capacity than Nanopure water at 1 mg/L 
PAC dosage with 4 h contact time. This is because the water compositions 
could affect the adsorption of micropollutants on PAC. Therefore, the PAC 
dosage, contact time and water compositions are important factors to be 
considered for improving micropollutant removal by PAC. 
Similar to PAC, another widely used activated carbon is the GAC. The 
effectiveness of GAC for micropollutants was evaluated by several researchers 
(Grover et al. 2011, Hernandez Leal et al. 2011). A full-scale GAC plant was 
also evaluated for the removal of steroidal estrogens and pharmaceuticals from 
WWTP effluent (Grover et al. 2011). Good removal efficiencies ranging from 
84–99% were achieved for compounds such as mebeverine, indomethacine, 
and diclofenac. However, for other compounds such as carbamazepine and 
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propranolol low removal efficiencies ranging from 17–23% were reported. 
This observation suggested that GAC could efficiently remove compounds 
with non-polar characteristics (Kow > 2). Similar to PAC, the performance of 
GAC is influenced by contact time between GAC and micropollutants. Longer 
contact time produced higher adsorption capacity. Also, the adsorption 
capacity of the GAC was lowered by the presence of contaminants present in 
water. Two methods - regular regeneration and using steam-treated GAC have 
been proposed to improve the adsorption capacity of GAC (Snyder et al. 
2007).  
Although, PAC and GAC have been applied for pharmaceuticals removal, 
several disadvantages were noted with this technique (Rossner et al. 2009, 
Verlicchi et al. 2010). Some of them are: 
 The removal performance is efficient only when the target compounds 
have non-polar characteristics.  
 The removal efficiency is significantly reduced with the presence of 
the NOM. This is because NOM could compete with target compounds 
for active binding sites leading to pore blockage.  
 The adsorption capacity will decrease with increasing operating time 
due to the saturation of active adsorption sites of adsorbent. 
Therefore, more research is needed to understand the long-term efficacy of 
activated carbon adsorption for pharmaceuticals removal.  
2.2.2 Membrane processes 
In addition to activated carbon adsorption, membrane processes are effective 
for pharmaceuticals removal from water resources. Lee et al. (2012) studied 
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the removal of PPCPs and micropollutants from treated wastewater at pilot-
scale. It was demonstrated that the RO process could remove >97% of CBZ 
concentration. Only nanofiltration (NF) and reverse osmosis (RO) membranes 
have been reported to be efficient for removing pharmaceuticals (Yangali-
Quintanilla et al. 2011). For instance, the average retention efficiencies for 
neutral contaminants by NF and RO were 82% and 85%, respectively. 
Similarly, for ionic contaminants NF achieved 97% retention efficiency and 
RO achieved 99% (Yangali-Quintanilla et al. 2011). On the other hand, 
microfiltration (MF) and ultrafiltration (UF) membranes are inadequate for 
pharmaceuticals removal as the molecular weight cut off (MWCO) of MF and 
UF membranes are larger than the size and molecular weight of 
pharmaceuticals. For these reasons, MF and UF membranes has been 
employed as pre-treatment to NF/RO membranes processes for removing 
colloids and NOM.  
Generally, three major interactions were responsible for solute–membrane 
rejection. They are: steric hindrance (sieving effect), electrostatic repulsion 
(charge effect) and hydrophobic/adsorptive interactions (Bellona et al. 2004). 
These solute–membrane interactions have been determined by solute 
properties (e.g. molecular weight, molecular size, charge, diffusion coefficient 
and hydrophobicity), membrane properties (e.g. MWCO/pore size, surface 
charge, hydrophobicity, surface morphology and operating conditions) and 
solution chemistry (e.g. pH, temperature, dissolved organic carbon (DOC), 
inorganic matrix and membrane fouling). 
Despite good performance when appropriately used, there are three main 
issues associated with the application of membrane processes for 
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pharmaceuticals removal: (1) high energy consumption, (2) membrane fouling 
and (3) safe disposable of concentrated stream. Several hybrid processes - 
MBR/RO (Dolar et al. 2012), O3/UF/RO (Chang et al. 2009) were adopted to 
minimize the quantity of concentrate and energy demand (Joo and Tansel 
2015, Pérez-González et al. 2012). Dolar et al. (2012) demonstrated that 
pharmaceuticals (metronidazole, hydrocodone, codeine, ranitidine) that were 
recalcitrant to degradation by conventional wastewater treatment, were 
effectively removed (up to 95%) in the MBR. Integrating RO treatment after 
MBR produced higher removal rates (99%). Similarly, Chang et al. (2009) 
employed integrated O3/UF/RO process for treating digital textile wastewater. 
Results showed about 63% reduction in COD and 81% reduction in color 
could be achieved by this integrated process. The concentrates from UF and 
RO were recycled and treated in ozone contactor to reduce the pollutant 
concentrations. Even though the concentrates of membrane processes could be 
treated using the integrated processes, more research works were still needed 
to develop more compact and energy saving treatment technologies for 
minimizing the overall treatment costs.  
2.2.3 Advanced oxidation processes  
Advanced oxidation processes (AOPs) are considered to be effective for 
pharmaceuticals removal compared to membrane and adsorption processes. 
This is because membrane and adsorption processes concentrate or physically 
remove the pharmaceuticals from water rather than degrading them. AOPs are 
broadly defined as aqueous phase oxidation techniques, which are based on 
generation of the intermediacy of highly reactive species, such as OH∙ 
radicals, to degrade target pollutants. For the past few decades, more studies 
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have been done on AOPs. Key AOPs include heterogeneous and 
homogeneous photocatalysis based on UV or solar visible irradiation, 
electrolysis, ozonation, the Fenton's reagent, ultrasound and wet air oxidation. 
Also, AOPs have disinfection effects, which make them well suitable for 
water reuse applications that involve direct human usage. These AOPs have 
diverse applications such as soil remediation, groundwater treatment, 
municipal wastewater sludge conditioning, production of ultrapure water and 
odor control. Also, these AOPs could be coupled with other physicochemical 
and biological processes. For example, AOPs might be employed as a pre-
treatment process to convert initially bio-recalcitrant compounds to more 
readily biodegradable intermediates followed by biological post-treatment 
methods. Therefore, these AOPs have become more prominent for treating 
persistent organic compounds. Variety of water contaminants such as 
pharmaceuticals, pesticides and pathogens could be effectively treated by 
using AOPs. These AOP processes could be a viable alternative for 
commercialization in the near future. 
Based on the review by Klavarioti et al. (2009), the distribution of AOPs 
studied for pharmaceuticals degradation can be summarized as shown in 
Figure 2-1. It is noted that heterogeneous photocatalysis and ozonation are 
most commonly used for pharmaceuticals removal. The heterogeneous 
photocatalysis and ozonation will be briefly discussed in following sections.  




Figure 2-1 Distribution of AOPs studied for pharmaceuticals degradation. 
Ozonation process uses strong oxidant ozone, which decomposes in water to 
form highly reactive hydroxyl radicals. These radicals attack the target 
pharmaceuticals through an electrophilic mechanism. Ozonation is favoured at 
alkaline pH due to the increased production of hydroxyl radicals at this 
condition. Also, combination of ozonation with UV and hydrogen peroxide 
enhances the performance of pharmaceutical removal. For instance, Zwiener 
and Frimmel (2000) studied the degradation of clofibric, diclofenac and 
ibuprofen using both ozonation and ozonation coupled with hydrogen 
peroxide (H2O2). The results showed that ozonation alone degraded 3% of the 
initial pharmaceutical concentrations. However, the combination of ozonation 
with hydrogen peroxide resulted in significant enhancement of degradation 
performance. They reported that higher than 90% degradation was observed 
when the concentrations of ozone and H2O2 were 3.7 mg/L and 1.4 mg/L, 
respectively. When the concentrations of ozone and H2O2 were further 
increased to 5 mg/L and 1.8 mg/L, respectively, degradation efficiency 
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degradation of CBZ (3.3×10−6 mol/dm3) could be achieved with an ozone 
dosage of 2.08×10−5 mol/dm3. In another study, Reungoat et al. (2012) 
investigated CBZ removal from WWTP effluent using ozonation and 
confirmed that 90% CBZ was removed. 
Despite the good reported performance, some drawbacks have been noted for 
this technique. They are: 
 Ozone is a highly reactive and unstable therefore on-site generation is 
essential. This requirement leads to an increase in operating costs 
(Summerfelt and Hochheimer 1997). 
 It generates carcinogenic and unregulated disinfectant by-products 
such as bromate (BrO3
-) (Huber et al. 2003). 
  Ozone follows two different mechanisms while reacting with target 
compounds: (1) through direct reaction with the molecular ozone, and 
(2) by indirect reaction with the radical species which are formed 
when ozone decomposes in water. Therefore, different reaction 
pathways will contribute to the ozonation process. At low pH 
conditions, ozone only reacts with target molecules with specific 
functional groups by selective reactions such as electrophilic, 
nucleophilic or dipolar addition reaction (direct pathway). On the 
other hand, the decomposition of ozone is faster at high pH conditions 
and hence the major oxidant in an alkaline solution is the highly 
reactive OH∙ radicals (indirect pathway). Therefore, ozonation 
reaction is effective at alkaline pH conditions due to the increased 
production of OH∙ radicals (Sevimli and Sarikaya 2002). 
 Determining and maintaining proper O3/H2O2 dosage is difficult.  
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The heterogeneous photocatalysis process is another type AOPs which has 
received increased attention during the past decades because of its 
effectiveness in rapidly degrading recalcitrant organic compounds (Chong et 
al. 2010). Various types of photocatalysts such as CdS, SnO2, WO3, SiO2, 
ZnO, Nb2O3 and Fe2O3 have been studied. However, TiO2 is the most 
commonly used semiconductor photocatalyst because of its unique properties 
such as (Carp et al. 2004):  
 Inexpensive 
 Nontoxic 
 Photo stable 
 High chemical and thermal resistance 
 Strong mechanical property. 
 TiO2 photocatalysis can be applied for degrading a variety of organic and 
inorganic pollutants. When an aqueous solution of TiO2 is illuminated with 
light source possessing energy higher than the band gap energy (Ebg) of TiO2 
(Ebg = 3.2 eV), it generates holes in valence band and electrons in conducting 
band. These holes and electrons generate highly reactive oxidative species 
such as hydroxyl radicals and superoxide radical anion, respectively, which 
can facilitate complete degradation of pollutant (Carp et al. 2004, Herrmann et 
al. 2007). Mohapatra et al. (2014a) used whey stabilized ZnO and TiO2 
nanoparticles for photocatalytic degradation of CBZ (initial CBZ 
concentration was 295 ng/L). Higher photocatalytic degradation of 
carbamazepine has been observed (100%) by using whey stabilized TiO2 
nanoparticles with 55 min irradiation time as compared to ZnO nanoparticles 
(92%). 
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The brief description about the mechanism, kinetics and the factors 
influencing TiO2 photocatalysis will be discussed in Section 2.3.  
2.3 TiO2 photocatalysis 
TiO2 photocatalysis has shown a great potential as a low-cost, environmental 
friendly and sustainable treatment technology for removing persistent organic 
compounds and microorganisms in water. Mechanism of TiO2 photocatalysis 
and factors affecting the photocatalytic reactor performance will be discussed 
in this section.  
2.3.1 Mechanism of TiO2 photocatalysis 
The TiO2 photocatalysis consists of a series of oxidative and reductive 
reactions. The key processes involved on TiO2 surface during photocatalysis 
are photoexcitation (light absorption and charge carriers generation), diffusion, 
trapping, recombination and oxidation (Chong et al. 2010, Gaya and Abdullah 
2008).  
Figure 2-2 depicts the mechanism of TiO2 photocatalysis. When a photon of 
higher energy light (UV or near UV) equal to or greater than the band gap 
energy of TiO2 is illuminated on its surface, electron-hole pair is generated as 
shown in Equation (2.1). The generated electrons are excited to the conducting 
band in femtoseconds. As these generated electrons and holes are unstable, 
majority of them recombine and release heat energy as shown in Equation 
(2.2). This recombination of the photogenerated electron-hole pairs limits the 
application of TiO2 catalyst.  
TiO2 + hν → e
-  + h
+
 (2.1)   
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 e- + h
+
 → heat (2.2) 
The photogenerated holes in valence band react with surface OH-groups on 
TiO2 to produce surface adsorbed hydroxyl radicals (OHads
- ) as shown in 
Equation (2.3). These hydroxyl radicals have high reactivity towards organic 







The photo generated electrons react with the oxygen molecules and form 
superoxide radicals anion (𝑂2
∙−) as shown in Equation (2.4). These 
(𝑂2
∙−) radicals can be further protonated to form hydroperoxyl (HOO∙) and 
subsequently H2O2 as shown in Equations (2.5)-(2.7). Therefore coverage of 
oxygen on TiO2 surface is more important because it prevents the 
recombination of electron-hole pairs.  









                  
Figure 2-2 Mechanism of TiO2 photocatalysis. 
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These reactive species (𝐻2𝑂2, 𝑂𝐻
∙ and 𝑂2
∙−
) degrade organic pollutants (OP) 
into various intermediates. These intermediates then go through a series of 
degradation processes and could result in complete mineralization forming 
carbon dioxide and water molecule as shown in Equation (2.8).  
 OP
TiO2/hv 
→    intermediates → CO2+ H2O 
(2.8) 
The overall photocatalysis reaction as shown by Equation (2.8) can be divided 
into five independent steps: 1) mass transfer of OP in the liquid phase to the 
TiO2 surface; 2) adsorption of OP onto the photon activated TiO2 surface (i.e., 
surface activation by photon energy occurs simultaneously in this step);          
3) photocatalysis reaction for the adsorbed phase on the TiO2 surface;            
4) desorption of the intermediates from the TiO2 surface; and 5) mass transfer 
of the intermediates from the interface region to the bulk fluid. In terms of rate 
determination, the overall rate of reaction is equal to the slowest step, which 
could possibly be associated with the mass transfer step or the reaction step. 
Therefore, during photocatalytic reaction, the adsorption or surface contact of 
OP with TiO2 is more important. The other factor that influences the TiO2 
photocatalytic activities is the low quantum yield of excitons because of fast 
electron-hole recombination step (Equation (2.2)). Also, there are other 
operational parameters (light intensity, nature and concentration of OP, 
concentration of photocatalyst and pH) that influence the TiO2 photocatalytic 
performance (Gaya and Abdullah 2008). The detail description about the 
influence of operational parameters is presented in Section 2.3.3.  
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2.3.2 Kinetics of semiconductor photocatalytic degradation 
The TiO2 mediated photocatalytic degradation of organics can be described by 
Langmuir-Hinshelwood (L-H) model as shown in Equation (2.9) (Doll and 














 = initial rate of photooxidation 
 C = concentration of organic compounds 
 T = irradiation time 
 k = rate constant 
K = adsorption coefficient of the organic compound 
For concentrated solutions (i.e., KC >>1), the L-H equation simplifies to zero-




 = k 
(2.10) 
For dilute solutions, the L-H equation simplifies to pseudo first order kinetics 




 = kC 
(2.11) 
By rearranging and integrating Equation (2.11), the relationship between C 
and t is given by Equation (2.12). 
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Ct = Co e
-kt (2.12) 
Where, k is an important parameter relating to the performance of TiO2-based 
photocatalyst 
Ct = final concentration of organics 
Co = initial concentration of the organics. 
2.3.3 Factors affecting the photocatalytic reactor performance 
The mineralization kinetics and efficiency of the photocatalytic reactor 
systems are highly dependent on various operating factors such as initial 
pollutant concentrations, pH, TiO2 dose, UV light intensity and UV 
wavelength. In this section the impact of most influencing operating factors 
and the methods to optimize photocatalytic reactor system are discussed 
briefly. 
2.3.3.1 Initial contaminant concentration  
The efficiency of photocatalytic reaction is depended on initial concentration 
of contaminants. This is because high contaminant concentrations lead to 
saturation of TiO2 surface and reduces photonic efficiency of the system 
thereby leading to low photocatalytic efficiency (Saquib and Muneer 2003). 
For instance, Doll and Frimmel (2004) studied the influence of initial 
concentration on photocatalytic degradation of clofibric acid. The 
photocatalytic degradation rate constant decreased from 1.04 min-1 to 0.19 
min-1 when the initial concentration was increased from 0.5 mg/L to 5mg/L. 
Similar tendency was observed for other compounds such as carbamazepine, 
iomeprol and iopromide.  
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In addition to the initial concentration of contaminants the photocatalytic 
performance also depends on the corresponding chemical nature of the 
contaminants. And the contaminants with electron-withdrawing property like 
benzoic acid and nitrobenzene would strongly adhere and more susceptible to 
direct oxidation compared with electron donating groups (Bhatkhande et al. 
2004). Another concern is quality of the water (chemical oxygen demand, total 
organic carbon or DOC) and the intermediates produced during photocatalysis. 
The presence of these compounds would decrease the target compound 
removal.  
At high contaminant concentration, the photocatalytic efficiency of the system 
can be improved with high TiO2 dose as well longer irradiation time. 
2.3.3.2 pH  
pH is an important factor affecting the photocatalytic performance. Any 
changes in pH of reactor solution will affect the surface charge, size of TiO2 
nanoparticles and ionization of organic contaminants. The point of zero charge 
(PZC) is defined as a condition where the surface charge of TiO2 is zero or 
neutral. Depending on the type of TiO2 used, the PZC would lie in the pH 
range of 4.5 – 7.0. At PZC of TiO2, the photocatalytic performance is minimal, 
as the interaction between the nanoparticles and contaminants is low due to the 
absence of electrostatic attractions. If the photocatalytic activity takes place at 
pH < PZC (TiO2) then the nanoparticles surface becomes positively charged. 
This could increase the electrostatic attraction force towards the negatively 
charged compounds leading to enhanced contaminants removal (Xu and 
Langford 2000). On the other hand, if photocatalytic activity occurs at pH > 
PZC (TiO2), the nanoparticles would become negatively charged and attracts 
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cationic compounds present in water. The electrostatic interactions between 
the pollutants and TiO2 nanoparticles have a significant influence on the 
photocatalytic degradation rate of pollutants. When the pollutants are closer to 
the nanoparticles, the pollutants photocatalytic degradation is improved, as the 
photogenerated active OH∙ radicals are mainly confined on nanoparticles 
surface.  
Similarly, any change in pH would affect the size of TiO2 nanoparticles. When 
the reaction solution pH is equal to PZC, the neutral charge of the 
nanoparticles leads to formation of large aggregates (Blanco et al. 2001). 
Depending on the deviation of solution pH from PZC of TiO2, the 
nanoparticles size could vary from 300 nm to 4 μm (Malato et al. 2009). The 
larger TiO2 aggregates would settle faster than smaller particles. It has been 
reported that in the hybridized photocatalytic membrane reactor after the 
photocatalytic reaction, about 97% of the nanoparticles can be recovered in the 
settling tank by using neutralisation strategy. And, the remaining TiO2 
nanoparticles can be recovered by the downstream MF system (Chong et al. 
2010). Therefore, aggregation of TiO2 nanoparticles at PZC would facilitate 
the easy recovery of nanoparticles after the photocatalytic process.  
In addition to the change in surface charge and size of TiO2 nanoparticles, any 
variation in pH of the solution would affect the ionization of organic 
contaminants. At pH below pKa value, the organic contaminants will be in 
neutral or positively charged. Above pKa value, organic contaminants are 
negatively charged. This variation in ionization of organic contaminants could 
influence the electrostatic interaction between TiO2 nanoparticles and organic 
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contaminants thereby affecting the photocatalytic activity. Saien and 
Khezrianjoo (2008) demonstrated the photocatalytic degradation of 
carbendazim (pKa=4.5) at different pH values. It was found that the most 
significant variation was within the pH range of 3–4. This is because at pH 3, 
protonation of molecules takes place and do not favour the adsorption on to 
the positively charged TiO2 (PZC=6.25). On the other hand, at pH 4 there will 
be significantly more molecules in their non-protonated form, which facilitates 
adsorption into TiO2 surface and improves the photocatalytic degradation. 
Therefore, suitable pH control strategies have to be implemented to achieve 
better photocatalytic degradation. 
2.3.3.3  TiO2 dosage 
The TiO2 dosage, in addition to pH of the solution, plays a key role in 
photocatalytic process. The photocatalytic reaction rate is directly proportional 
to the catalyst loading and it approaches a limiting value at higher catalyst 
loading (Gaya and Abdullah 2008). The initial increase in photocatalytic 
performance is due to increase in catalytic surface area available for pollutants 
adsorption. However, when the dosage of catalyst is increased above its 
optimum value, reaction rate would decline. This phenomenon can be 
attributed to two factors: (1) at high catalyst concentration, UV light is 
scattered and reflected thereby reducing the quantity of effective incident 
photon, and (2) aggregation of catalyst occurs which leads to reduction in 
effective surface area (Chen et al. 2007). The optimum TiO2 dosage will 
depend on radiation fluxes, UV intensity, UV wavelength and dimension of 
photoreactor (Chong et al. 2010, Gaya and Abdullah 2008). Although a large 
number of studies have been reported in literature regarding the effect of TiO2 
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loading, a direct comparison among their findings could not be made as the 
reported results are mostly dependent on dimension of photoreactor, UV 
intensity and UV wavelength etc. Therefore, a comprehensive study to provide 
an in-depth understanding on effect of photocatalyst loading is required to 
achieve higher photocatalytic activity. 
2.3.3.4 Light wavelength and intensity 
Similar to initial pollutant concentration, pH and TiO2 dosage, the light 
wavelength and intensity also affect the photocatalytic reaction. Based on the 
emitting wavelength, the electromagnetic spectrum of UV irradiation has been 
classified into UV-A, UV-B and UV-C. Their corresponding light wavelength 
spans are: UV-A from 315 to 400 nm (3.10-3.94 eV); UV-B from 280 to 315 
nm (3.94-4.43 eV); and UV-C from 100 to 400 nm (4.43-12.4 eV) (Chong et 
al. 2010). Depending upon the crystalline phase of TiO2, the excitation 
wavelength can be chosen. For example, the commercial Degussa P25 (band 
gap energy 3.2 eV) requires wavelength < 380 nm for photonic activation and 
the rutile TiO2 (band gap energy 3.02 eV) can be excited using UV 
wavelength < 400 nm. 
 The UV irradiation can be either natural source (sunlight) or artificial sources 
(UV lamps). The efficiency of solar irradiation for photocatalysis application 
is very low compared with artificial sources. This is because majority of the 
ultraviolet radiation is absorbed by the ozone layer and only about 3-5% could 
reach the ground (Wang et al. 2009a). Therefore, artificial UV lamps are 
preferred for TiO2 excitation.  
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Like UV wavelength, the photocatalytic reactions are affected by variation in 
light intensities. The initiation of TiO2 photocatalysis reaction is not dependent 
on light intensity and a few photons of energy could be sufficient to induce the 
surface reaction. However, to achieve a high photocatalytic reaction rate, a 
relatively high light intensity is required in order to adequately provide each 
TiO2 surface active sites with sufficient photons energy required (Fujishima et 
al. 2000). When the light intensity is low, in the range of (0-20 mW/cm2), the 
rate of reaction is proportional to light intensity following first order kinetics. 
This is because electron-hole formation reaction is more dominant while 
electron-hole recombination reaction is negligible. In contrast, at an 
intermediate light intensity of about 25 mW/cm2, the reaction rate depends on 
square root of the light intensity. This decrease in reaction rate is due to 
competition between electron-hole separation and recombination reactions. 
However, at higher intensities, the reaction rate is independent of light 
intensity (Konstantinou and Albanis 2004). This could be explained by the 
saturated surface coverage of the TiO2, which results in a mass transfer 
limitation in the adsorption and desorption and thereby preventing the effect of 
light intensity to set in.  
2.3.3.5 Optimization of photocatalytic reactor performance 
Based on the discussions presented in previous sections, it is understood that 
photocatalytic reactions are influenced by a variety of factors. Conventional 
optimization techniques have been carried out by changing one factor at a time 
while keeping the others constant. This simple approach has several 
disadvantages such as: (1) it does not consider the interactive effects among 
the factors studied, and (2) it increases the required number of experiments 
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which in turn leads to an increase in study time and usage of reagents. 
Therefore, there is a need to use a multi-variable technique to investigate the 
interactions among various factors in order to determine the optimum 
conditions for pollutant removal. The statistical analysis RSM and effective 
design of experiments are widely used for optimization of factors affecting 
photocatalytic reactions (Chong et al. 2009, Liu and Chiou 2005). RSM 
consists of a set of mathematical and statistical techniques that can be used for 
defining the relationships between the response and the independent variables. 
It defines the effects of independent variables, alone or in combination, on the 
processes. Also, it generates a mathematical model which describes the 
experimental process. The model is used to generate the response surface plot 
and contour plot of the response as a function of the independent parameters 
and determination of optimum points. The RSM offers a large amount of 
information like the effects of the independent variables, alone or in 
combination, on the processes using a small number of experiments (Baş and 
Boyacı 2007). This multi-variable approach will improve the reactor 
performance in a cost-effective way. For instance, Kansal et al. (2007) studied 
the photocatalytic degradation of 2,4,6-trichlorophenol in a batch reactor 
under UV/TiO2 for 5 h in the presence of an oxidant sodium hypochlorite. 
RSM was used to obtain the optimal values of the operating parameters 
(catalytic dosage, pH and concentration of oxidants). The photodegradation 
was studied in terms of reduction in contaminant concentration and chemical 
oxidation demand. The optimal removal efficiency was achieved at 1.1 g/L 
TiO2 concentration, pH value ranging from 4-4.5 and at an oxidant 
concentration of 9.95 × 10−6 M.  
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The photocatalytic degradation of diclofenac was investigated by Calza et al. 
(2006). In their study, the TiO2 dosage and initial concentration of diclofenac 
were used for optimizing diclofenac degradation. The optimum conditions for 
achieving highest degradation were reported as 624 mg/L for TiO2 dose and 
8.17 mg/L initial diclofenac concentration. Lin et al. (2009) investigated the 
influence of pH, TiO2 dosage, oxygen concentration and light flux for the 
photodegradation of methylparaben. They used multivariate experimental 
design to estimate the optimal experimental conditions and the optimal values 
were reported as: light flux = 5.8×1015 photons s-1 cm-2, pH 9, oxygen 
concentration = 18 mg/L and TiO2 dosage = 2.5 g/L. Similarly, Khraisheh et 
al. (2013) prepared TiO2 with coconut shell powder composites for removing 
CBZ. In this study the effect of processing parameters such as calcination 
temperature and coconut shell powder loading amount was evaluated using 
CCD model. The TiO2 with coconut shell powder composites with 94.8 g 
coconut shell powder loading and 726°C calcination temperature showed 
highest CBZ removal. 
Till now, the main TiO2 application has been focused on air purification (Ao 
and Lee 2003, Zhao and Yang 2003). The utilization of TiO2 in water and 
wastewater treatment are still in the stage of laboratory experiments due to 
some technical issues such as wide band (anatase, 3.2 eV) and inefficient 
exploitation of visible light. The practical applications has also been 
prohibited due to several limitations such as low adsorption capacity to 
hydrophobic contaminants, high aggregation tendency and difficulty in 
separating TiO2 after treatment process (Bhattacharyya et al. 2004, Gao et al. 
2011). In order to overcome these drawbacks, several approaches have been 
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explored for modifying TiO2. The modification techniques that used to 
improve the performance of TiO2 photocatalysis will be presented in the next 
section.  
2.4 Modification of TiO2 nanoparticles 
Both non-carbon based materials (e.g., metals and non-metals) and carbon 
based materials (e.g., carbon nanotube (CNT) and graphene) have been used 
for TiO2 modification. Transition metals like Fe, Cr, V, Ni, Mn, Co, Cu, Ag, 
Zn, and Nb have been used as a dopant for TiO2 photocatalyst. Doping 
transition metals would lower the band-gap energy of TiO2. This band gap 
narrowing shifts the absorption band of TiO2 catalyst from UV region to 
visible light region (Anpo and Takeuchi 2003). Also, doping optimum 
concentration of metals can trap the photogenerated electrons and decrease the 
issue of charge carriers recombination (Zhou et al. 2007). Similarly, doping 
non-metallic elements like nitrogen could alter the electronic structure of TiO2 
that facilitates band gap narrowing and promotes visible light absorption 
(Asahi et al. 2001). However, modification using non-carbon based materials 
does not increase the adsorption capacity of TiO2 photocatalysts. Recently, 
modifications of TiO2 with carbon based materials such as activated carbon, 
carbon nanotubes (CNT), [60]-fullerene and Gr have received increased 
attention. The merits and drawbacks of different nanocarbon-TiO2 systems 
such as AC-TiO2, CNT-TiO2 nanocomposites, [60]-fullerene-TiO2 and Gr-
TiO2 nanocomposites are discussed in the following sections. 
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2.4.1 Activated carbon – TiO2 composites 
Activated carbon is highly attractive as they are cheap, inert and easy to 
manufacture. The presence of porous amorphous structure on activated carbon 
with micro (< 1 nm), meso (1-25 nm) and macro (>25 nm) pores as shown in 
Figure 2-3 promotes the distribution of TiO2 nanoparticles. Also, it provides a 
high surface area with 900–1200 m2/g available for immobilizing TiO2 
nanoparticles (Leary and Westwood 2011). Activated carbon-TiO2 
nanocomposites are prepared by various methods such as hydrothermal 
techniques (Wang et al. 2009b), sol-gel methods (Li et al. 2007), low 
temperature hydrolysis (Ao et al. 2008) and by simple mixing (Araña et al. 
2003). Both activated carbon–TiO2 mixtures and composites produced high 
photocatalytic activity over TiO2 alone. This is due to high adsorption capacity 
of activated carbon–TiO2 nanocomposites owing to the presence of activated 
carbon support. 
For bare TiO2 without activated carbon support, the target pollutants will 
collide with TiO2 by chance and photocatalysis will take place upon collision. 
If the target pollutants do not colloid with TiO2, it will remain in the solution 
and only react when they collide with TiO2 again. However, when activated 
carbon support is present more target pollutants will be adsorbed on the 
activated carbon support and available for photocatalysis. Ao et al. (2008) 
investigated the photocatalytic performance of activated carbon-TiO2 
nanocomposites for phenol degradation. They noted that phenol molecules 
were adsorbed on activated carbon support and continuously migrated onto 
TiO2 surface. This phenomenon led to apparent rate constant being enhanced 
by 5 times compared with what could be obtained with TiO2 alone.  
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Even though activated carbon support improves the photocatalytic activity of 
nanocomposites through increased adsorption capacity, activated carbon does 
not interact chemically with TiO2. Hence, band gap tuning of TiO2 is not 
achieved and it therefore could not be excited using lower energy visible light 
energy. Hence, there is a need for further improvement in activated carbon-
TiO2 nanocomposites structure for achieving visible light photocatalytic 
activity.  
 
Figure 2-3 Schematic representation of the pore distribution on Activated 
carbon sites (Leary and Westwood 2011). 
 
2.4.2 CNT-TiO2 nanocomposites 
CNTs have attracted significant attention due to its unique structural as well as 
chemical, thermal and electrical properties. Similar to AC, CNTs provide 
specific surface area for TiO2 immobilization. The total specific surface area 
of single walled carbon nanotubes (SWCNTs) and multi walled carbon 
nanotubes (MWCNTs) are between 400-900 m2/g and 200-400 m2/g, 
respectively (Serp et al. 2003). CNTs could provide scope for control of 
morphology. This feasibility has led to various forms of CNT-TiO2 
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nanoparticles on SWCNTs (Dechakiatkrai et al. 2007) and MWCNTs (Dai et 
al. 2009), TiO2 coated SWCNTs and MWCNTs, CNTs and TiO2 embedded in 
polymer nanofibres, laminate composite films and intermixed CNTs and TiO2 
nanotubes (Yang et al. 2008) as well as MWCNTs grown or deposited on bulk 
TiO2 (Leary and Westwood 2011). It has been noted that these modifications 
could enhance the functionality of the prepared nanocomposites. For instance, 
modifying CNTs with TiO2 nanotubes provide large surface area (Gao et al. 
2006) and high adsorptive capacity over TiO2 nanoparticles.  
The surface chemistry of the CNTs can also be easily modified to promote 
specificity towards target pollutants. Usually, the CNTs surface modification 
is achieved through acid purification to form surface alcohol, keto and acid 
groups. This could facilitate the interaction with TiO2 nanoparticles, thereby 
eliminating the need for complex/expensive multistage preparation routes. 
The enhancement of photocatalytic activity of CNT-TiO2 nanocomposites can 
be explained by two mechanisms: 
(1) Retardation of electron–hole recombination 
This mechanism was proposed by Hoffmann et al. (1995). CNTs are 
capable of forming a Schottky barrier at the CNT–TiO2 interface, 
where there is a space charge region (Woan et al. 2009). This is similar 
to metal doping on TiO2 nanoparticles. As shown in Figure 2-4a, CNT 
acts as an electron sink. The photogenerated electrons move freely 
towards the CNTs surface, which have a lower Fermi level. CNTs act 
as extremely effective electron sinks due to its high electrical 
conductivity (Baughman et al. 2002) and high electron storage capacity 
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(one electron for every 32 carbon atoms (Kongkanand and Kamat 
2007)). 
(2) Acting as a photosensitizer 
 
The second mechanism was proposed by (Wang et al. 2005). CNTs 
enhance the photocatalytic activity of TiO2 by acting as a 
photosensitizer, transferring electrons to the TiO2 as shown in Figure 
2-4b. This is responsible for extending TiO2 photocatalytic activity into 
the visible light range (Wang et al. 2005). The photogenerated electron 
in the CNT will be transferred into the conduction band of the TiO2. 
This phenomenon permits the reduction process, such as the formation 
of superoxide radicals by adsorbed molecular oxygen. On the other 
hand, the positively charged CNTs would remove an electron from the 
valence band of the TiO2 thereby leaving a hole. The positively 
charged TiO2 could then oxidize adsorbed water to form hydroxyl 
radicals.  
Although the above two mentioned mechanisms were widely cited, there 
are some conflicting views. Pyrgiotakis et al. (2005) reported two distinct 
contributions from CNT-TiO2 nanocomposites. The first one is the 
presence of Ti-O-C bond (similar to the case for carbon-doped TiO2, 
which extends light absorption to longer wavelengths) as shown in Figure 
2-4c. And the second one is the electronic configurations of CNTs. Arc-
discharge grown and CVD-grown CNTs had been coated with TiO2 
through sol-gel processes. Even though both nanocomposites possessed 
similar structure, the photocatalytic dye degradation rate for the arc-
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discharge CNTs was ten-fold higher compared with the CVD-grown CNT 
nanocomposites. This is because arch-discharge grown CNTs were able to 
better retain their straight walls without major defects in the inner wall 
tubes than CVD grown CNTs. For photocatalytic activity, electronic band 
structure is more important than chemical bond between CNTs and TiO2.  
 
Figure 2-4 Proposed mechanisms for synergistic enhancement in CNT-TiO2 
nanocomposites. (a) CNTs inhibit recombination by acting as sinks for 
photogenerated electrons in TiO2. (b) Photosensitizing mechanism based on 
electron-hole pair generation in CNTs. (c) CNTs acts as impurities through the 
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The role of CNTs either as electron sink – retarding the recombination of 
photogenerated electron-hole pairs or photosensitizer will depend on the 
structural development needed for optimizing the nanocomposites. CNTs 
would act as electron sink in nanocomposites structure which exposes the 
TiO2 to the UV light irradiation. And, the nanocomposites with CNTs coating 
on TiO2 would optimize the photocatalytic enhancement through sensitizing 
effects (Woan et al. 2009).  
Even though various advantages were reported on application of CNT-TiO2 
nanocomposites, the CNTs production processes are not matured and quality 
control issues need to be addressed. Therefore, the application of CNTs for 
large scale application and industrial synthesis have been limited (Bierdel et 
al. 2007).  
2.4.3 [60]-Fullerene-TiO2 nanocomposites 
Similar to CNTs, [60]-Fullerenes have been widely known for their electronic 
property and applied in photochemical solar cells (Po et al. 2010), in electron 
donor-acceptor assemblies as part of artificial photosynthesis systems 
(D'Souza and Ito 2009), and as singlet oxygen sensitizers in the context of 
organic synthesis photooxidations (Orfanopoulos and Kambourakis 1994).  
The reason for the enhancement of [60]-fullerenes-TiO2 nanocomposites are 
well explained in literature (Apostolopoulou et al. 2009). The [60]-fullerene 
absorbs strongly in the UV region and moderately under visible region of the 
spectrum. When irradiated by UV/visible region source, [60]-fullerene will be 
excited from its ground state to a transient (∼1.2 ns) singlet excited state 
(1C60∗). This then goes through rapid intersystem crossing (at a rate of 5.0 × 
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10−8 s−1) to a longer lasting (>40 μs) lower lying triplet state (3C60∗). 
Compared to ground state, the fullerenes in their excited states are both better 
electron donors and better electron acceptors. The locations of 1C60∗ and 
3C60∗ 
in pristine [60]-fullerene are at 1.7 (Sibley et al. 1992) and 1.5 eV (Hung and 
Grabowski 1991) above the ground state. As the one electron reduction 
potential of [60]-fullerene or at its excited states is −0.2 eV (vs. NHE), the 
electrons from conducting band of TiO2 might be transferred to [60]-fullerene. 
Thus the formed radical [60]-fullerene anion could facilitate the degradation of 
organic pollutants. However, the [60]-fullerene at excited state might acts as 
electron donors to TiO2 which is depended on the environment and 
experimental conditions. Furthermore, this existing donor and acceptor 
properties of [60]-fullerene might be modified through surface 
functionalization. Therefore, in literature, the [60]-fullerene- or [60]-fullerene 
derivative-TiO2 photocatalysts were reported either as: (1) an electron 
acceptor which reduces recombination of electron–hole pairs (Krishna et al. 
2006, Mu et al. 2010), or (2) an electron donor which enhances photocatalytic 
activity by sensitization of TiO2, as discussed for CNT–TiO2 nanocomposites.  
During preparation of [60]-fullerene-TiO2 nanocomposites, the chemical 
bonding formed between [60]-fullerene and TiO2 enhanced their 
photocatalytic activity (Long et al. 2009, Mu et al. 2010). The photo reduction 
capacity of [60]-fullerene-TiO2 nanocomposites was evaluated using Cr (VI) 
ions (Mu et al. 2010). Results showed that the reduction of Cr (VI) ions in 
aqueous solution was higher in [60]-fullerene-TiO2 nanocomposites compared 
to bare TiO2 nanoparticles under nitrogen atmosphere.  
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However, the application of [60]-fullerene-TiO2 nanocomposites has been less 
explored and it remains a relatively new area. More research works are needed 
to understand the enhancement activity and potential applications. 
2.4.4 Gr-TiO2 nanocomposites 
Compared with CNTs and [60]-fullerene, GO possess perfect sp2 hybridized 
two dimensional carbon structure with better conductivity. GO is a flat 
monolayer of carbon atoms tightly arranged into a two-dimensional honey 
comb structure (Geim and Novoselov 2007). It has been popular since its 
discovery in 2004 (Novoselov et al. 2004) because of its excellent mechanical, 
thermal, electrical and optical properties. The GO sheets have a larger 
theoretical surface area     (̴ 2600 m2/g) (Stankovich et al. 2006). Furthermore, 
GO acts as an ideal electron sinks or electron transfer bridge because of its 
high electron mobility  (̴ 15,000 m2V-1s-1) at room temperature (Novoselov et 
al. 2005).  
The Gr-TiO2 nanocomposites formed by the combination of GO with TiO2 has 
shown enhanced photocatalytic performance. However, the application of Gr-
TiO2 nanocomposites are in the early stage of development (Morales-Torres et 
al. 2012a, Upadhyay et al. 2014). Most of the target pollutants used for 
evaluating the photocatalytic performance of Gr-TiO2 nanocomposites were 
dyes, such as Methylene Blue (MB), methyl orange (MO), and rhodamine B 
(RB). For instance, the degradation of MO was studied with Gr-TiO2 
composites under visible light. Gr-TiO2 composites acted as a sensitizer, 
enhancing the photocatalytic performance towards wavelengths longer than 
510 nm (Chen et al. 2010). In another study, Pastrana-Martínez et al. (2012a) 
evaluated the degradation of diphenhydramine (DP) and MO under both near-
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UV/Vis and visible light irradiation. MO was completely degraded within 30 
min at a much faster rate than for the DP (60 min) under near-UV/Vis 
irradiation. The respective pseudo-first order rate constants were found as   
126 × 10−3 (MO) and 62.3 × 10−3 min−1 (DP). Therefore, it is evident that Gr-
TiO2 nanocomposites are best suitable for degradation of water pollutants in 
particular for azo dyes (Jiang et al. 2011, Liu et al. 2010b).  
Recently, Luo et al. (2015) evaluated the photocatalytic activity of Gr-TiO2 
nanocomposites by degrading bisphenol A under UV light illumination. The 
results demonstrated that the photocatalytic activity of Gr-TiO2 
nanocomposites was affected by mass content of GO and the optimum mass 
ratio of GO was 3.0 wt%. The degradation rate constant of BPA by using Gr-
TiO2 nanocomposites (0.0132 min
-1) was 2.93 times of that on TiO2 (0.0045 
min-1), while the rate constant of photolysis was reported as only 0.000963 
min-1. 
Apart from degradation of organic compounds, the application of Gr-TiO2 
films has been extended towards photo inactivation of Escherichia coli 
bacteria in aqueous solutions under solar light irradiation (Akhavan and 
Ghaderi 2009). The Gr-TiO2 films showed significantly higher efficiencies in 
comparison to bare TiO2 films with enhancement by a factor of 7.5.  
Several reasons were identified for this photocatalytic enhancement. Firstly, 
the reduction in the band gap of metal oxide through energy favored 
hybridization of O2p and C2p atomic orbitals. This eventually results in 
formation of new valance band (Li et al. 2013). Secondly, suppression of 
electron-hole pair recombination greatly occurs as GO is an excellent electron 
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acceptor. The presence of two-dimensional π-conjugation structure makes GO 
a good electron acceptor. Under light irradiation, the excited electrons from 
conducting band (CB) of semiconductor would transfer to GO through a 
percolation mechanism. As the GO possess excellent conductivity of 
electrons, effective electron-hole separation is facilitated. This in turn causes 
the production of more reactive oxidative species for pollutant degradation. It 
was demonstrated that the reduced GO is able to store and shuttle electrons 
through stepwise electron transfer thereby serving as a catalyst nanomat 
(Lightcap et al. 2010). Finally, the adsorption capacity of the nanocomposites 
was increased that leads to strong π-π interaction between GO and organic 
pollutants.  
The degradation mechanism of Gr-TiO2 nanocomposites under UV light 
irradiation can be summarized as follows: 
Upon excitation, electron-hole pair are generated within TiO2 as shown in 
Equation (2.13). 
TiO2 + hν → TiO2 (e
-+h
+)       (2.13) 
 
These generated electrons tend to transfer to GO sheets followed by 
scavenging dissolved oxygen thereby facilitating excellent charge carrier’s 
separation as shown in Equations (2.14) and (2.15).   
TiO2(e
-) + GO → TiO2 + GO(e
-) (2.14) 
GO(e-) + O2 → GO + O2
-
 (2.15) 
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Holes can either directly oxidize organic compounds as shown in Equation 
(2.16) or react with adsorbed water molecules to form hydroxyl radicals as 
shown in Equations (2.17) and (2.18).  
h+ + pollutants → degradation products (2.16) 
TiO2(e
-)  + OH- → TiO2 + OH
∙
 (2.17) 
OH∙ + pollutants → degradations products (2.18) 
The amount of GO in nanocomposites, chemical bonding between TiO2 and 
GO as well as preparation routes greatly affect the performance of 
nanocomposites. Increasing the amount of GO in the nanocomposites 
increases the photocatalytic activity of the nanocomposites. However, 
increasing the amount of GO beyond the threshold limit could lead to a 
decrease in photocatalytic enhancement. This is due to enhanced absorption 
and scattering of photons by excess carbon content present in the composite. 
The effect of GO loading on photocatalytic activity of Gr-TiO2 
nanocomposites was studied and the optimum threshold weight percent of GO 
has to be determined (Luo et al. 2015).  
Secondly, the enhancement of photocatalytic activity of nanocomposites 
depends on chemical bonding between TiO2 and GO. An intense coupling 
between TiO2 and GO is required to increase the charge separation thereby 
retards recombination of electron-hole pairs. Thirdly, the reduction of GO to 
Gr by strong reducing agents might leave impurities in the final product. 
Thereby resulting in restacking of individual graphitic layers leading to 
decrease in photocatalytic activity.  
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In summary, Gr-TiO2 nanocomposites are promising material for 
photocatalytic degradation of pollutants and other applications (e.g., hydrogen 
production from water splitting and dye-sensitized solar cells). The production 
of GO using a simple chemical method facilitates its application in the 
nanocomposites synthesis at affordable production costs and scalable 
approaches. But Gr-TiO2 nanocomposites are still at an early stage of 
development. Future works are needed to study the stability of GO based 
nanocomposites and on immobilization Gr-TiO2 nanocomposites on suitable 
substrates to facilitate its application in continuous mode operations. Several 
works were done on immobilizing photocatalyst on membrane. The detailed 
description about the photocatalytic membrane is given in the following 
Section 2.5.  
2.5 Photocatalytic membranes 
The application of photocatalyst in suspension needs extra separation step to 
remove it from treated water after treatment, which hinders its practical 
application. To overcome this issue, photocatalysts were immobilized onto 
various substrates such as glass (Daneshvar et al. 2005, Hofstadler and Bauer 
1994), polymer films (Dhananjeyan et al. 2001), sand (Matthews 1991), 
activated carbon (Ao and Lee 2003) and clay (Meng et al. 2008). Also, efforts 
were made to combine photocatalytic degradation with membrane filtration 
which is termed as photocatalytic membrane process (Thiruvenkatachari et al. 
2005). Four different types of photocatalytic membrane process were available 
as shown in Figure 2-5. They are: (1) a slurry photocatalytic reactor followed 
by a membrane filtration unit, (2) membrane submerged in a slurry 
photocatalytic reactor, (3) membrane placed inside a photo reactor whose 
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internal walls are coated by a photocatalyst such as TiO2, and (4) 
photocatalytic membrane where membrane is coated with photocatalysts. Of 
all the four configurations, Type 4 - photocatalytic membrane is most popular 
as it combines both the physical separations as well as pollutant degradation in 
one process.  
The application of photocatalytic membrane provides various advantages over 
conventional membranes. While conventional membrane processes provide 
several advantages such as small footprint, enhanced separation efficiency and 
easy maintenance, its main drawback is membrane fouling. This leads to a 
significant decrease in water flux and increased energy consumption, which in 
turn increase the treatment costs. In addition, conventional membrane 
filtration could only concentrate the pollutants and does not degrade them and 
the discharge of the resulting high-concentration retentate is the biggest 
challenge that one needs to deal with. On the other hand, the photocatalytic 
membranes with photocatalytic layer coated on the membrane could generate 
oxygen-reactive radicals under UV light irradiation. This phenomenon reduces 
membrane fouling and degrades pollutant thereby increases permeate quality 
and reduces operating cost.  





Figure 2-5 Configurations of photocatalytic membrane reactors. (a) Slurry 
reactor followed by a membrane filtration unit; (b) submerged membrane in a 
slurry reactor; (c) submerged membrane in TiO2 coated reactor; and (d) 
photocatalytic membrane (Leong et al. 2014). 
 
Polymer and ceramic membranes were most commonly used supports for 
photocatalytic membranes. These types of photocatalytic membranes are 
discussed in the following sections.  
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2.5.1 TiO2 – Polymer composites membrane 
Different types of polymers have been studied as a support for immobilizing 
photocatalysts. Some of them are polyamide (Kim et al. 2003), 
polyvinylidenefluoride (PVDF) (Song et al. 2012), polyacrylonitrile (PAN) 
(Kleine et al. 2002) and polyurethane (Liu et al. 2012b). The photocatalytic 
materials such as TiO2 can either be deposited onto the membrane surface or 
blended into membrane matrix. A brief description about these two types of 
membranes will be discussed in this section. 
 The TiO2 nanoparticles were deposited on the surface of the membrane 
through self-assembly method. During photocatalytic membrane preparation, 
the membranes were dipped into TiO2 suspension for a certain amount of time 
to allow coating. To facilitate TiO2 deposition, the membrane surface should 
contain key functional groups. An antifouling and bactericidal thin-film-
composite aromatic polyamide membranes were prepared via self-assembly of 
TiO2 nanoparticles on the polymer chains with COOH groups along the 
surface (Kwak et al. 2001).  
The self-assembly of TiO2 can also increase the membrane hydrophilicity. For 
instance, PVDF is one of most widely applied membrane material for 
industrial application. PVDF possess excellent chemical resistance, thermal 
stability and low toxicity. However, the hydrophobic nature of PVDF hinders 
its application as it is prone to membrane fouling due to adsorption and 
deposition of hydrophobic organics on the membrane surface. You et al. 
(2012) used plasma treatment to irradiate the commercial PVDF membrane 
surface in order to produce more radicals and promote grafting reactions. 
Results showed that plasma treatment at 100 W for 120 s followed by liquid 
 Chapter 2 Literature Review 
53 
 
grafting with 70% aqueous acrylic acid at 60°C for 2 h maximized the number 
of TiO2 binding sites. In two other studies, PVDF membranes were blended 
with polymeric materials such as poly (styrene-alt-maleic anhydride) (SMA) 
(Li et al. 2009) and sulfonated polyethersulfone (Rahimpour et al. 2011) to 
increase the hydrophilicity of the membrane.  
The self-assembly behaviour of TiO2 nanoparticles on polymer surface with 
COOH, SO2OH, sulfone group and ether bond might be explained by two 
different adsorption schemes. The first scheme is by bonding between Ti4+ 
ions and two oxygen atoms of COOH group. The second scheme is through 
forming hydrogen bonds between these groups (e.g., COOH, SO2OH, sulfone 
group) and the surface hydroxyl group of TiO2, as shown in Figure 2-6.  
 
Figure 2-6 Interactions of TiO2 nanoparticles with polymer membrane. (a) 
Bidendate coordination of carboxylate to Ti4+ and (b) hydrogen bond between 
carbonyl group with hydroxyl group of TiO2 (Kim et al. 2003). 
 
In addition to membrane surface functional groups, amount of TiO2 
nanoparticles deposited on the membrane surface will depend on the duration 
of immersion time. The longer immersion time would result in more 
nanoparticles deposition on membrane surface (Rahimpour et al. 2008).  
The main challenge in application of TiO2 deposited polymeric membrane is 
the low stability of deposited nanoparticles on the polymeric membrane 
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surface. Kim et al. (2003) demonstrated that attachment of TiO2 onto 
membrane was not strong enough and TiO2 nanoparticles detached from the 
membranes after 30 min under reversed osmosis-pressurized operation. 
Similarly, Mansourpanah et al. (2009) reported that after filtration process the 
amount of TiO2 nanoparticles present on membrane surface was greatly 
reduced because of shear stress caused by filtration velocity. Therefore, further 
research is needed to produce more stable photocatalytic membrane surface.  
The other method for preparing TiO2 photocatalytic membranes is to blend 
TiO2 nanoparticles into membrane matrix (Damodar et al. 2009, Rahimpour et 
al. 2011, Rahimpour et al. 2008, Song et al. 2012, Yang et al. 2007). (Yang et 
al. 2007) prepared Polysulfone/TiO2 organic–inorganic composite UF 
membranes by phase-inversion method with TiO2 nanoparticles dispersed 
uniformly in 18 wt% Polysulfone casting solution. The results showed that the 
addition of TiO2 nanoparticles into membrane greatly influenced the 
morphology and properties of the prepared Polysulfone/TiO2 membrane. For 
instance, the pore number was increased in the skin layer of Polysulfone/TiO2 
membrane compared to blank Polysulfone membranes. The porosity and 
amount of pore size of membrane greatly depend on the amount of TiO2 added 
(Damodar et al. 2009, Yang et al. 2007). For example, Damodar et al. (2009) 
had demonstrated that the blank PVDF membrane has largest pores, but 
addition of 1-2% and 3-4% TiO2 into PVDF membrane reduced the pore size 
to intermediate size and smallest pores, respectively. Also, adding higher 
amount of TiO2 into casting solution resulted in formation of large aggregates 
in membrane matrix, thereby block the pores of membrane and eventually lead 
to lower pure water flux (Rahimpour et al. 2011). Generally the blending of 
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TiO2 into polymer matrix did not significantly increase the hydrophilicity of 
the membrane as the TiO2 nanoparticles were shield inside the membrane 
(Damodar et al. 2009, Tahiri Alaoui et al. 2009).  
TiO2 blended membranes showed lower photocatalytic performance compared 
with TiO2 coated membrane. This is because in TiO2 blended membrane the 
TiO2 nanoparticles were entrapped inside the inner layer of membrane and 
would limit the penetration of UV light inside the membrane. Therefore, the 
production of more number of reactive hydroxyl radicals and the pollutant 
removal were decreased. Furthermore, TiO2 coated membrane exhibited better 
antifouling property and long-term flux stability than TiO2 blended 
membranes (Rahimpour et al. 2008). In addition, the TiO2 coated membranes 
are more hydrophilic compared with TiO2 blended membranes (You et al. 
2012).  
In summary, polymer based TiO2 photocatalytic membranes have various 
advantages such as better antifouling property and antibacterial effect. 
However, these polymer based photocatalytic membranes do not withstand 
severe chemical and thermal conditions which limit its practical application. 
Thus, further research work is needed to improve the stability of the 
nanoparticles on membrane surface.  
2.5.2 TiO2 – Ceramic composite membrane 
Recently, ceramic membranes have become more popular than polymer 
membranes because they possess more chemical and thermal stability, high 
flux and catalytic property. The porous ceramic membranes have an 
unsymmetrical layered structure which consists of a macroporous (pore size > 
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400 nm) support, a porous intermediate layer, and a nanoporous top layer. The 
most commonly used supports for nanoparticles immobilization is Al2O3 
membranes (Romanos et al. 2012, Zhang et al. 2006, Zhang et al. 2008a). 
Many techniques such as sol dip-coating (Zhang et al. 2006), chemical vapour 
deposition (Athanasekou et al. 2012, Romanos et al. 2012) and atmospheric 
plasma spraying (APS) (Lin et al. 2012) were employed to fabricate 
nanoparticles on ceramic membrane.  
Among them, sol dip-coating technique is one of the most promising methods 
for immobilizing TiO2 nanoparticles on ceramic membranes. This is because 
sol-dip coating is a simple method and facilitates the formation of continuous 
and uniform layer of TiO2 nanoparticles on the membrane surface. Thereby, 
increasing the photocatalytic activity of the fabricated membrane. The sol-dip 
coating procedure has three steps: (1) Sol preparation, (2) immersion of the 
ceramic substrate into the prepared sol for a certain period of time, and (3) 
drying of the coated membrane substrate. Djafer et al. (2010) had fabricated 
TiO2 nanoparticles on an alumina substrate using dip-coating technique and 
the presence of 3 μm layer of TiO2 nanoparticles on alumina support was 
confirmed using SEM images. The authors claimed that the resulted 3 μm 
thickness of TiO2 layer on membrane surface is convenient for overcoming the 
possible defects on substrate surface. In another work, Alem et al. (2009) 
demonstrated that addition of hydroxypropyl cellulose in combination with 
polyvinyl alcohol to the sol before coating could prevent the flocculation of 
sol. The authors claimed that the presence of hydroxypropyl cellulose and 
polyvinyl alcohol additives prevents the possibility of crack formation during 
the drying and calcination processes. These additives have also shown to 
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adjust the viscosity of the sol, lower the sol surface tension and increase the 
strength of the membrane layer. As the strength of the membrane is increased 
with the presence of HPC and polyvinyl alcohol additives, the crack formation 
probability during the drying and calcination processes were much lower. 
The dip-coating cycle is the most important factor to be considered while 
fabricating photocatalytic membrane. Choi et al. (2006) reported that thickness 
of TiO2 coating layer increased linearly (0.3 µm per coating) with number of 
coating, eventually resulted in decrease of permeate water flux. Results 
showed that the permeability coefficient of the membrane decreased from  
11.0 l/m2/h/bar (blank membrane) to 3.55 l/m2/h/bar (membrane coated with 
five layers of TiO2).  
It is further noted that the functionality of the membrane was improved by 
using adsorbent and metals. For instance, Ma et al. (2009) developed a bio-
ceramic photocatalytic membrane using hydroxyapatite and Ag–TiO2 
nanoparticles. During membrane fabrication, a layer of hydroxyapatite was 
added to α-Al2O3 membrane followed by Ag–TiO2 nanoparticles layer. The 
hydroxyapatite functions as adsorbent facilitating adsorption of 
microorganisms on membrane surface and the Ag on TiO2 was used to 
inactivate the microorganisms. Therefore the developed bio-ceramic 
membrane possessed multifunctional properties such as membrane separation, 
bacterial adsorption and photocatalytic bacterial inactivation. In another 
method Fe0, TiO2 and activated carbon fibres were incorporated into the sol 
and deposited on membrane (Liu et al. 2009). The presence of Fe0 helped to 
degrade the pollutant using photo-Fenton reaction and the activated carbon 
fibres acted as absorbent. 
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Although different modification techniques were available for fabricating 
ceramic membrane, better understanding of the fouling behaviour of 
photocatalytic ceramic membranes in water and waste water treatment is still 
lacking.  
2.5.3 Application of TiO2 photocatalytic membrane 
Photocatalytic membranes were extensively studied for disinfection and 
pollutant removal from water. A brief description of these two applications is 
presented in this section.  
The excellent anti-bacterial capacity of the photocatalytic membrane was 
demonstrated by several groups. For instance, Choi et al. (2009) demonstrated 
that TiO2-Al2O3 membrane could remove 4-log of E. coli in 1.5 h of UV 
irradiation. Liu et al. (2012a) also demonstrated that irreversible bacterial cell 
damage could be achieved while using Ag/TiO2 nanofiber membrane under 
UV light irradiation. And, the bacteria were unable to recover. These 
observations indicated that Ag/TiO2 nanofiber membrane will be beneficial for 
membrane biofouling control. In another study, Damodar et al. (2009) 
demonstrated 100% E. coli removal under 1 min UV irradiation using 4% 
TiO2/PVDF membrane. In addition to the disinfection performance, TiO2 
photocatalytic membranes are capable of achieving self-cleaning. Song et al. 
(2012) irradiated both fouled PVDF–PEG neat membrane and PVDF–PEG–
TiO2 hybrid membrane under a UV lamp for 8 h. Results showed that for 
hybrid membrane the color changed from yellowish to near white, which 
indicated that the yellowish stains on the fouled membrane had been 
effectively removed.  
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Similar to disinfection, the pollutant removal using photocatalytic membranes 
was also efficient. Dyes are the most commonly used target compounds for 
evaluating the photocatalytic activity of photocatalytic membrane (Alem et al. 
2009, Athanasekou et al. 2012, Djafer et al. 2010, Zhang et al. 2006). Zhang et 
al. (2006) investigated the photocatalytic performance of TiO2–Al2O3 
composite membrane using Direct Black 168. Results showed that after 300 
min, the dye removal efficiency by UV irradiation alone reached 70% and the 
rejection by membrane filtration alone reached 65%. In contrast, combining 
photocatalysis with membrane filtration improved dye removal efficiency to 
82%.  
In addition to TiO2 nanoparticles, modification of membrane with TiO2 
nanofibers could improve the photocatalytic performance. Hong et al. (2012) 
fabricated TiO2 fibers inside a micro-channelled Al2O3–ZrO2 composite 
porous membrane. Results showed that the specific surface area of the TiO2 
fibers coated composite membrane dramatically increased by over 100 fold 
compared with the uncoated membrane. Similarly, the photocatalytic activity 
of TiO2 fibers coated membrane has showed effective pollutant removal 
compared to uncoated membrane. Both methyl orange (MO) and methylene 
blue (MB) were tested. Results showed that after 4 h, almost 95% of MO and 
90% of the MB solution were decomposed. However, the reference solution 
which did not contain the micro-channeled Al2O3–ZrO2/TiO2 composite 
membrane showed no removal during the entire irradiation treatment. The 
presence of needle-shaped TiO2 fibers on micro-channeled Al2O3–ZrO2/TiO2 
composite membrane would enhance the contact between the target 
compounds and active sites on the membrane surface. As a result, pollutant 
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materials could degrade faster and the photocatalytic efficiency of the 
membrane is therefore improved.  
The application of modified TiO2 based photocatalytic membrane for pollutant 
removal is very limited. Liu et al. (2012a) examined the photocatalytic 
performance of Ag nanoparticles modified TiO2 (Ag/TiO2) nanofiber 
membrane for MB degradation. Results showed that the presence of Ag/TiO2 
nanofiber membrane has relatively higher degradation rate (rate constant- 
0.0211 min-1) compared with TiO2 nanofiber membrane alone (rate constant - 
0.0137 min-1). Under sunlight, Ag/TiO2 nanofibre membrane could degrade 
80% of MB in 80 min. In another study by Liu et al. (2009), the performance 
of Fe0/TiO2/activated carbon fiber composite membrane was studied for 
degradation of 2,4-dichlorophenol. Results showed that after 4 hrs at 10 ppm 
initial concentration, the 2,4-dichlorophenol removal reached 100%. The 
application of modified TiO2 based photocatalytic membrane has been less 
explored, therefore more research works are needed to better understand the 
feasibility of modified TiO2 based photocatalytic membrane for real world 
applications (Leong et al. 2014).  
The performance of the photocatalytic membrane has been greatly affected by 
light intensity. This is because, at lower intensities, the photon flux is 
insufficient for exciting the active TiO2 sites available on the membrane 
surface. Therefore, very few electron-hole pairs are generated on the 
membrane surface for dye degradation. On the other hand, when the UV 
intensity is increased, more exciting of active sites lead to production of more 
electron-hole pairs which eventually produce more OH∙radials for dye 
degradation. However, when the light intensity is increased further, the 
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electron-hole recombination processes (second-order reaction) becomes faster 
than oxidation processes (first-order in excited oxidant) (Ollis et al. 1991). 
Therefore under these conditions, the degradation rate becomes independent of 
light intensity, and both reaction rate and rate constant will reached a constant 
value. Wang et al. (2008) studied the performance of titanium dioxide 
membrane on a porous ceramic tube for degradation of Acid Red 4. Results 
showed that with 0.013 mol/m3 initial dye concentration, as the UV intensity 
increased from 1.1 to 4.0 mW/cm2, the decomposition ratio increased from 
0.25 to 0.5. However, at 6.0 mW/cm2 the increase in decomposition ratio 
became less obvious.  
In addition to UV intensity, the performance of photocatalytic membranes will 
be affected by the solution chemistry in the source water as well as coating 
conditions applied (sintering temperature, number of coating layers). Also, the 
photocatalytic activity of the membrane was lower due to limitations in 
catalyst loading on a support, partial loss of catalyst by attrition and possible 
mass transfer limitation (Choi et al. 2010). 
Therefore, detail analysis is needed to investigate the combined effects of 
water chemistry and coating conditions. Also, the usage of renewable solar 
energy is more attractive in water treatment industry. Immobilizing ceramic 
membranes using visible light induced photocatalysts has been less explored 
in literature. Hence, research work regarding the solar light active 
photocatalytic membranes should be explored in the future.  
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2.5.4 Current status of Gr-TiO2 photocatalytic membrane 
The application of Gr-TiO2 based photocatalytic membrane would overcome 
some of the challenges related to TiO2 photocatalytic membrane mentioned 
earlier such as suppression of recombination of electron-hole pairs and 
utilization of visible light. Only limited works have been reported so far for 
Gr-TiO2 based photocatalytic membrane and these studies are listed in      
Table 2-3. The Gr-TiO2 based membranes shows various advantages such as 
enhancement in flux, antifouling function, increase in adsorption capacity, 
improving photocatalytic activity and increase in flexibility of the fabricated 
membranes. The enhancement in flux and antifouling function of Gr-TiO2 
based photocatalytic membrane was demonstrated by Xu et al. (2014). The 
GO-TiO2 filtration membrane was prepared by filtering GO-TiO2 composites 
dispersion through polycarbonate filter membrane via vacuum filtration. The 
pure water permeability was tested for both GO membranes and GO-TiO2 
membranes. The GO-TiO2 membrane showed higher flux (78 L.h
-1.m-2) 
compared with GO membrane (27 L.h-1.m-2). The main reason stated for the 
enhancement of flux for GO-TiO2 membranes is due to partly propped up and 
widened interlayer of GO sheets as the nanoparticles are inserted between 
them. Even though the flux of GO-TiO2 membranes was increased, the 
insertion of nanoparticles has damaged the flow channels of GO-TiO2 
membranes. As the flow channels were damaged, the dye molecules could 
easily pass through films and the rejection rates of Direct Red 80 was 
decreased to 58% while using GO-TiO2 membrane when compared to GO 
membrane (87%).  
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Also, Xu et al. (2014) prepared GO-TiO2/P25 membrane by depositing P25 
nanoparticles on top of the GO-TiO2 membrane and the schematic diagram of 
GO-TiO2/P25 filtration membrane is shown in Figure 2-7. The presence of 
P25 nanoparticles on GO-TiO2 membrane increased the adsorption capacity 
and photocatalytic activity of the membrane, which could enhance their water 
treatment ability.  
 
Figure 2-7 The schematic diagram of GO-TiO2/P25 filtration membrane system 
and the typical digital photos without and with UV light irradiation (Xu et al. 
2014). 
 
In another study by Gao et al. (2013), GO-TiO2 microsphere hierarchical 
membrane was fabricated by assembling GO-TiO2 microspheres on the 
surface of a polymer filtration membrane. From the digital photo of the GO-
TiO2 membranes, it was understood that the membranes have good flexibility 
and there was no obvious cracks in the membrane. However, the prepared 
TiO2 microsphere membranes were totally broken into pieces due to lack of 
linkage between dispersive TiO2 microspheres. The photocatalytic activity of 
the prepared membranes were evaluated using of RhB and AO7 (50 ppm of 50 
ml) via dead-end membrane filtration setup with UV light irradiation (254 nm, 




40 mW/cm2). The GO-TiO2 membranes showed higher photocatalytic activity 
compared to TiO2 microsphere membranes. The results showed that GO-TiO2 
microsphere membranes could completely degrade RhB in 30 min and AO7 in 
20 min. The developed GO-TiO2 microsphere membranes have several 
advantages when compared to traditional membranes such as enhanced 
strength, flexibility, high water flux and antifouling nature.  
Further, Gao et al. (2014) extended their study in preparing GO-TiO2 
photocatalytic membrane using polysulfone membrane. A simple layer by 
layer technique was applied to deposit TiO2 and GO on a polysulfone 
membrane. The photocatalytic ability was evaluated using MB (MB) under 
both UV and sunlight. Figure 2-8 shows the photocatalytic performance of 
blank polysulfone membrane and membranes modified with TiO2, GO and 
GO-TiO2. It was observed that the photocatalytic activity of the GO-TiO2 
membrane was higher under both UV and Visible light. Whereas, the other 
three membranes (blank, TiO2 and GO membrane) did not show any 
improvement in photocatalytic activity. From these results, it can be 
understood that GO-TiO2 membranes might represent a next generation of 
high-performance photocatalytic membrane for water treatment. In order to 
further improve the performance of GO-TiO2 membranes, more research is 
required on understanding the effects of GO-TiO2 membranes structure on 
band-gap energy and electron-hole lifetime.  





Figure 2-8 MB removal by (a) the virgin polysulfone membrane and by the 
membranes surface modified with (b) TiO2, (c) GO, and (d) TiO2–GO, 
respectively. C and C0 are the MB concentrations during and at the beginning of 
an experiment, respective (Gao et al. 2014). 
 
The photocatalytic performance of GO-TiO2 membranes were influenced by 
the nature of pollutant (Pastrana-Martínez et al. 2013b), effect of pore size of 
the membrane (Athanasekou et al. 2014) and water chemistry (Pastrana-
Martínez et al. 2015). Pastrana-Martínez et al. (2013b) demonstrated the 
relationship between electrostatic affinity and pollutant degradation. The GO-
TiO2 nanocomposites were immobilized onto alginate hollow fibers using 
dry/wet spinning process and used for degradation of DP and MO under UV-
Vis irradiation in continuous mode operation. The results showed that DP 
removal was more than 70%, however MO removal was very low. The 









compounds to the membrane. The anionic surface of polysaccharide alginate 
showed higher affinity towards cationic molecule such as DP and lower 
affinity towards MO. This implies that the pollutant chemistry plays an 
important role in determining the removal efficiency of the membrane. 
Pastrana-Martínez et al. (2015) extended their study by fabricating TiO2 and 
GO-TiO2 nanocomposites on flat sheet ultrafiltration membranes made of 
mixed cellulose acetate. The performance of the fabricated membranes was 
evaluated for DP removal in continuous operation mode with and without the 
presence of Cl anions. The results showed that under UV-Vis irradiation GO-
TiO2 coated membrane produced higher DP removal (73%) than that of TiO2 
coated membrane (43%). It was noted that the presence of NaCl (0.5 g/L), 
slightly decrease the photocatalytic efficiency of GO-TiO2 membrane (60%) 
and TiO2 coated membrane (39%) for DP removal. The decrease of 
photocatalytic efficiency of photocatalytic membrane in the presence of Cl 
anions was attributed to the holes and radicals scavenging effects of Cl anions. 
The effect of the membrane pore size on the photocatalytic activity of 
membrane was evaluated by Athanasekou et al. (2014). The GO-TiO2 
nanocomposites were deposited onto membrane with different pore size (1 
nm, 5 nm and 10 nm pore size) using dipcoating method. Results showed that 
membrane with 10 nm pore size has higher photocatalytic activity compared 
with those of 1 nm and 5 nm for MO and methylene dyes. The enhanced 
photocatalytic activity of 10 nm pore size membrane was attributed to the 
capacity of membrane to accommodate more GO-TiO2 nanocomposites. In 
addition, it was demonstrated that the performance of GO-TiO2 




nanocomposites (10 nm pore size) required 20 times lower energy 
consumption compared to a standard Nano filtration process. 
Therefore, GO-TiO2 membrane might represent a next generation of high-
performance photocatalytic membranes in the clean water production field. In 
order to further improve the photocatalytic performance and functionality of 
GO–TiO2 membranes, more research work is needed to understand the effects 
of GO–TiO2 membrane structure, influence of number of nanocomposites 
coating on membrane surface and stability of the nanocomposites coating etc.  
 





3 MATERIALS AND METHODS 
3.1 Materials and methods for batch study using 
nanocomposites in suspension  
3.1.1 Pharmaceuticals and other chemicals 
CBZ, humic acid, TiO2-P25 and tert-butanol (t-BuOH) were purchased from 
Sigma-Aldrich (www.sigmaaldrich.com). Ethylene-diamine-tetra-acetic-acid 
disodium salt (EDTA-Na) was purchased from Duchefa. Other chemicals 
including calcium chloride, sodium hydroxide and sodium hydrogen carbonate 
were purchased from Merck. Natural graphite flake (∼325 mesh, 99.8%) was 
purchased from Alfa Aesar (Ward Hill, MA). GO was purchased from 
NanoInnova Technologies. The photo and SEM images of GO purchased are 
shown in Figure 3-1. All of the reagents were used as received without further 
purification.  
 
Figure 3-1 The photo (a) and SEM image (b) of GO (www.nanoinnova.com). 
 
(a) (b) 




3.1.2 Preparation of Gr-TiO2 nanocomposites 
Gr-TiO2 nanocomposites was prepared using two types of GO (lab made and 
purchased from NanoInnova Technologies). Firstly, GO was synthesized from 
the natural graphite flake in laboratory by a modified Hummers method 
(Zhang et al. 2010a). Briefly, the powder flake graphite (1.0 g) and sodium 
nitrate (0.5 g) was mixed with 24 ml of concentrated sulfuric acid (95%) in a 
500 ml round-bottom flask under constant vigorous stirring and the mixture 
was continuously stirred in ice bath for 30 min. After that, potassium 
permanganate (3.0 g) was added to the mixture slowly over 2 h to keep the 
reaction temperature lower than 20°C. Thereafter, the ice bath was removed 
and the mixture was stirred at room temperature overnight. The obtained 
mixture was homogeneous and pasty with a light brownish color. Forty five 
ml of water was added slowly to the paste and the mixture was stirred for 30 
min as the temperature was increased to 98°C. The diluted mixture was then 
stirred for 1 day under 98°C. Finally, 10 ml of 30% H2O2 was added to the 
mixture. The color of the suspension changed from light brown to deeper 
brown. Then, the suspension was washed with 5% HCl and DI water 3 times. 
The GO samples obtained were dried in a vacuum oven. 
The GO prepared in laboratory and GO purchased from NanoInnova 
Technologies were used individually for preparation of Gr-TiO2 
nanocomposites. A simple microwave-hydrothermal method was used for 
nanocomposites preparation (Xiang et al. 2011). It is a more convenient and 
easy method. Briefly, GO (1 mg), ethanol (10 ml) and distilled water (20 ml) 
were added to a bottle (100 ml) and sonicated for 1 h. TiO2 (0.2 g) was added 
to the resulting GO suspension and kept under stirring for about 1 h so that a 




homogeneous suspension was obtained. The suspension was then transferred 
to a 100 ml Teflon-lined autoclave and placed in a microwave-hydrothermal 
synthesis (MHS) system. To achieve the reduction of GO and deposition of 
TiO2 on the carbon substrate, the MHS system was maintained at 180°C for 1 
h. The resulting composite was collected and washed with distilled water for 2 
times and 1 time with ethanol. These samples were then dried in an oven at 
80°C for 6 h. During the preparation of nanocomposites, the amount of GO 
added was varied to obtain nanocomposites with different GO loading. The 
prepared nanocomposites were denoted as nGr-TiO2, where n refers to GO 
mass percentage. The characterization and performance of these Gr-TiO2 
nanocomposites obtained using GO purchased from NanoInnova Technologies 
are given in Appendix 1. 
3.1.3 Material Characterization techniques 
The morphology and size of the nanomaterials were observed with 
Transmission electron microscopy (TEM) (JEOL JEM-2100F, Japan). The 
nanomaterials were dispersed in ethanol and were placed on carbon-coated 
copper grid support followed by solvent evaporation at room temperature for 1 
day. The crystal structure of the nanomaterials was examined using X-ray 
diffraction (XRD). These XRD patterns of the samples were collected on a 
Bruker D8 Advance X-ray diffractometer, Germany, with Cu Kα radiation. X-
ray photoelectron spectroscopy (XPS) measurements were performed by using 
Kratos AXIS Ultra DLD (Kratos Analytical Ltd) spectrometer. XPS analysis 
was used for verifying the states and species of element of interest in the 
prepared nanomaterials. The spectra were excited using Mono AlKα radiation 
(hν = 1486.7 eV). In order to obtain good signal-to-noise ratios, each spectral 




region was scanned multiple times. The obtained spectra were fitted to 
Gaussian curves after subtracting linear background using the XPS Peak 4.1 
software (Kwok 2000). 
3.1.4 Sample preparation  
The stock solution of CBZ with 10 ppm concentration was prepared by 
dissolving 1 mg of CBZ in 100 ml of deionized water (DI). The DI water was 
collected from a milli-Q water purification system (Millipore Synergy 185) for 
preparing all solutions. The Gr-TiO2 and TiO2 solution (2 g/L) were prepared 
and kept in water bath with electronic sound field oscillation (Elmasonic S60, 
Elma, Germany) for 15 min. Thereafter, the nanomaterial suspensions were 
placed under magnetic stirring in order to achieve complete mixing. Each time 
the working samples were prepared according to the desired experimental 
conditions from the prepared CBZ stock solution and nanomaterials solutions. 
The final volume of the sample was 200 ml for each batch experiments.  
3.1.5 Experimental set up for batch study  
The schematic diagram of the experimental setup is shown in Figure 3-2. It 
consisted of one UV A lamp mounted on a stand, crystallizing dish, magnetic 
stirrer bar and magnetic stirrer. The distance between the lamp and the 
crystallizing dish was adjusted to achieve the required UV intensity as stated 
in Table 3-2. Prior to irradiation, the suspension was equilibrated under 
darkness for 30 min to reach adsorption equilibrium on the nanocomposites 
surface. Aliquots of 0.5 ml were collected after every 1 min of illumination 
and then filtered through a 0.45 μm PVDF filter. The samples prepared were 
stored at 4°C before analysis. The photocatalytic performances of Gr-TiO2 
nanocomposites at various experimental conditions (Table 3-2) were studied 




for determining the degradation of CBZ.  The photo of the photocatalytic 



























Figure 3-3 The photo of the photocatalytic process system setup. 
 
3.1.6 RSM Model Analysis 
Response surface methodology was developed by Box and collaborators 
(Gilmour 2006). It consists of a collection of mathematical and statistical 
techniques which are based on the fit of empirical models to the experimental 
data obtained in relation to experimental design. It could be well applied if a 
response of interest is influenced by several variables. It is used to 
simultaneously optimize the levels of these variables in order to obtain the best 
system performance. 
The independent variables will be chosen based on the objective of the study, 
followed by selection of the experimental design. The central composite 




design is the most commonly used experimental design. After acquiring data 
relating to each experimental point of a chosen experimental design, a 
mathematical equation describing the behaviour of the response according to 
the levels of values will be obtained. Then, the fitness of the model will be 
evaluated.  
The CCD was employed to investigate the photocatalytic degradation of CBZ. 
Also, the evaluation of combined effects of Gr-TiO2 nanocomposites dose 
(X1), initial CBZ concentration (X2) and UV intensity (X3) on the 
photocatalytic degradation process was studied. The ranges of independent 
variables and experimental conditions derived from CCD are summarized in 
Table 3-1. Total number of experiments carried out was 20, consisting of six 
axial, eight factorial and six center points. Table 3-2 summarizes the details of 
the 20 experimental conditions. 
Table 3-1 The original and coded levels of the independent variables. 
Original factors 
Coded levels 
-2 -1 0 1 2 
Gr-TiO2 dose -X1 (mg/L) 0 10 20 30 40 
Initial CBZ concentration-X2 (ppb) 
 
100 200 300 400 500 
UV intensity-X3 (mW/cm2) 0.0 0.5 1.0 1.5 2.0 
 
A second order model as shown in Equation 3.1 was used to express the 
interaction between the dependent and independent variables: 
Y = b0 + ∑ biXi + ∑ biiXi
2 + ∑ bijXiXj + e 
(3.1) 




Where Y refers to the response, b0 is the constant, bi, bii and bij  represent the 
linear, quadratic and interactive effects, respectively, of the input factors Xi 
and Xj (i = 1, 2 and 3; j = 1, 2 and 3), and e represents the residual term. The 
regression analysis of the experimental data was carried out using Microsoft 
Excel 2007. Analysis of variance (ANOVA) was used to evaluate the 
significance of individual term in the equation and the goodness of fitting to 
the regression model obtained. The response surface and contour plots were 
constructed using MATLAB R2011b (Mathworks, USA).  
Table 3-2 CCD design matrix for three variables at uncoded levels. 
 
Trial no 
Variables in uncoded levels 
X1 
Gr-TiO2 dose (mg/L) 
X2 





1 10 200 0.5 
2 30 400 0.5 
3 30 200 1.5 
4 10 400 1.5 
5 20 300 1.0 
6 20 300 1.0 
7 30 200 0.5 
8 10 400 0.5 
9 10 200 1.5 
10 30 400 1.5 
11 20 300 1.0 
12 20 300 1.0 
13 0 300 1.0 
14 40 300 1.0 
15 20 100 1.0 
16 20 500 1.0 
17 20 300 0.0 
18 20 300 2.0 
19 20 300 1.0 
20 20 300 1.0 




3.1.7 Pharmaceuticals analysis using LC/MS/MS 
Analyses were performed by using reverse-phase liquid chromatography (RP-
LC) followed by electrospray ionization (ESI) double mass spectrometry 
(MS/MS). RP-LC was performed on an Agilent 1100 series (USA) LC 
machine using an Agilent column ((Extend C-18, 5 mm, 2.1×150 mm). The 
image of LC/MS/MS is shown in Figure 3-4. DI water was used as phase A 
and acetonitrile as phases B to elute the analyses. An API 2000 MS/MS 
system (AB Sciex Instruments, USA) was chosen for Double mass 
spectrometry. The voltage for ion spray was +4.5 kV. The multiple reaction 
monitoring (MRM) mode was selected for quantification. The system 
parameters of LC/MS/MS used for CBZ concentrations measurement are 
given in Table 3-3. The instrumental detection limit of LC/MS/MS was 
determined by the minimum detectable concentration of analyte with a signal 
to noise ratio of 10. The detected IDLs of CBZ was 0.2 ppb. 
Table 3-3 The instrumental parameters for CBZ concentration measurement. 
Pharmaceutical DP FP EP Q1 CE CXP Q3 CUR IDL 
Carbamazepine 71.0 330.0 12.0 237.0 29.0 8.0 194.1 29.0 0.2 
 





Figure 3-4 Liquid chromatography-tandem mass spectrometry (LC/MS/MS). 
 
3.1.8 Total Organic Carbon Analyzer 
Figure 3-5 shows the image of the total organic carbon analyzer (Euroglas 
TOC 1200-type device). All the samples were filtered through 0.45 µm filter 
before analysis. TOC analyzer (TOCVCSH, Shimadzu, Japan) was used for 
comparison of TOC removal by photolysis, TiO2 and Gr-TiO2 
nanocomposites. The calibration curve used for this instrument is (0-2 ppm). 
However, for measuring the concentration of humic acid stock solution, 
Euroglas TOC 1200-type device (the calibration curve used is (0-25ppm) was 
used. The calibration was done using potassium hydrogen phthalate standard 
solution. For each measurement, the carbon content of the DI water was 
subtracted from the measured sample values to minimize the instrumental 
errors.   





Figure 3-5 Total Organic Carbon (TOC) Analyzer. 
 
3.1.9 Zeta potential and particle size analyzer 
The zeta potential measurements were carried out using 40 mg/L 
concentration of nanocomposites. The analyst was vortexed for 1 min before 
analysis. The pH of the solutions was measured using a pH meter (Schott 
instruments – Lab 850). The zeta potential measurement was done using a 
ZetaPALS (Brookhaven Instruments Corporation, USA) zeta potential 
analyzer.  And the particles size was measured using 90 Plus/BI-MAS 
(Brookhaven Instruments Corporation, USA). Figure 3-6 shows the image of 
Zeta potential and particle size analyzer. Zeta potential was measured using 
the Smoluchowski model while size-average hydrodynamic diameter was 
calculated from the diffusion coefficient using the Stoked-Einstein equation. 
The measurement was carried out at 25°C. The measurements were repeated 5 
times for zeta potential and 10 times for particle size analysis. 





Figure 3-6 Zeta potential and particle size Analyzer. 
 
3.1.10 Data Analysis – reaction rates 
The photocatalytic degradation of the pollutants was described by Langmuir-






1 + k K C
 
(3.2) 
Where, dc/dt = rate of degradation, k = apparent reaction rate constant, K = 
adsorption coefficient of the pollutant to be degraded, and C = pollutant 
concentration. If the pollutant concentration is low (i.e. KC << 1), Equation 





= k C 
(3.3) 
A pseudo first order model as shown in Equation (3.3) was used for studying 





) = -Kapp× t (3.4) 




Where C = the final concentration of CBZ (µg/L), C0 = the initial 
concentration of CBZ after achieving adsorption/desorption equilibrium in 
darkness (µg/L), Kapp = the pseudo first order rate constant for CBZ 
degradation (min-1), and t = the reaction time (min).   
3.2 Materials and methods for photocatalytic membrane 
experiments 
3.2.1 SiC membrane 
Silicon carbide flat sheet membrane (SiC) was purchased from LiqTech                          
International (www.liqtech.com). The characteristics of the membrane are 
summarized in Table 3-4. 
Table 3-4 Properties of Silicone carbide membrane (www.liqtech.com). 
SiC membrane properties 
Substrate material 100 %  SiC 
Selective layer material 100 %  SiC 
Porosity >45% 
Permeability Highest for any membrane due to high 
porosity, low contact angle to water and 
hydrophilic material 
Hardness  2930 +/- 80 (Vickers Kg/mm2) 
Temperature tolerance Upto 800°C in atmospheric air 
Chemical resistance Resistant in the full pH range 0-14 
Maximum chlorine  concentration Unlimited 
Solvents Completely stable 
Oxidizers Any concentration 
Maximum negative TMP 3 bar 
Maximum positive TMP 10 bar 
Isoelectric point pH 2.4 




3.2.2 Photocatalytic membrane development 
SiC membrane with a size of (100 mm × 100 mm × 6 mm) was used as a 
substrate for dip-coating. Prior to dip-coating, the substrate was thoroughly 
cleaned by ultra-sonicating with Deionized (DI) water and acetone for 15 
minutes. The cleaning process was repeated with DI water for 3 times and 
acetone for 1 time. The cleaned substrate was then dried at 100°C for 2 h. The 
SiC substrate was heated to 110°C for 1 h before each dip-coating. The SiC 
substrate was immersed vertically into the 3 g/L nanocomposites suspension 
for 1 minute and then withdrew from the nanomaterial solution. The schematic 
representation of dip-coating procedure is given in Figure 3-7. After each 
coating produce, the substrate was heated to 110°C with the heating rate of 
5°C per minute for 1 h. Then, the temperature was increased to 200°C with the 
heating rate of 5°C per minute for 1 h. The coating procedure was repeated     
4 times. After final coating layer had finished, the coated substrate was then 
cooled down to room temperature. 
 
Figure 3-7 Schematic representation of Dip-coating procedure. 




3.2.3 Membrane characterization techniques 
 In order to view the microstructure of the ceramic substrate, a high-resolution 
field emission scanning electron microscope (FESEM; JEOL 7600F, Tokyo, 
Japan) operating at 5 kV was used. Platinum coating (Auto Fine Coater, JFC-
1600, JEOL, Tokyo, Japan) was carried out at 20 mA for 1 min on the ceramic 
substrate to facilitate high-resolution FESEM imaging.  
FESEM equipped with an EDS (XFlash 5010; Bruker AXS Microanalysis, 
Berlin, Germany) operating in low-vacuum mode at 21°C and 55-60 % 
relative humidity was used to analyze images and metal localization on the 
surface of the ceramic substrate. The concentrations of pharmaceuticals were 
measured by reverse phase liquid chromatography [RP-LC] followed by 
electro spray ionization [ESI] double mass spectrometry [MS-MS]. RP-LC 
was conducted using an Agilent 1100 series (USA) LC machine using an 
Agilent column (Extend C-18, 5µm, 2.1×150 mm) as described in Section 
3.1.7. 
3.2.4 Evaluation of membrane performance 
The photodegradation capabilities of the prepared membrane were evaluated 
in RAYOX Advanced Oxidization System, Calgon carbon corporation, USA. 
The 1 kW lamp was used to irradiate the required UVC intensity. The distance 
between light source and the membrane reactor was adjusted depending on the 
UV intensities required to achieve during each experiments.  
The photocatalytic activity and permeability of the membranes were studied in 
cross flow filtration mode using a lab-scale setup shown in Figure 3-8. The 
effective membrane area was 100 cm2. The feed solution containing the fresh 




CBZ solution (100 ppb) was continuously introduced into the reactor using a 
peristaltic pump. The experiments were performed under natural pH at 
ambient temperature (25ºC). Two different flow rates, 2.5 and 5 ml/min, were 






Where, V = the volume of the solution permeated during the experiments (L), 
A = the effective membrane area (m2), and t = time (h).  
  












Figure 3-8 Schematic representation of photocatalytic membrane experimental 
set-up (a), the image of the experimental set up (b). 
 
















4 RESULTS AND DISCUSSION 
4.1 Optimization of CBZ degradation using CCD 
The following parts will be discussed in this chapter: 
 Characterizations of Gr-TiO2 nanocomposites synthesized by using 
GO prepared in the laboratory. 
 The results obtained from the process optimization with respect to Gr-
TiO2 dose, initial CBZ concentration and UV intensity is presented in 
this chapter. 
4.1.1 Characterization of Gr-TiO2 nanocomposites 
The XPS, TEM and XRD analyses were carried out for GO, TiO2 and Gr-TiO2 
nanocomposites. The XPS analysis was used to characterize the successful 
functionalization of GO sheets and TiO2 nanoparticles. The C1s XPS spectra 
of GO and 1.5Gr-TiO2 nanocomposites are shown in Figures 4-1a and 4-1b, 
respectively. The peak located at 284.6 eV is attributed to adventitious carbon 
and sp2-hybridized carbon from GO. And the two peaks at 286.7 eV and 288.7 
eV are related to C-O and C=O functional groups, respectively, as reported by 
(Perera et al. 2012, Wang and Zhang 2011). These oxygen-containing carbon 
groups provide active sites for deposition of TiO2. The C:O ratio for GO was 
found to be about 1:0.7 and the corresponding value for Gr-TiO2 
nanocomposites were about 1:0.12. The decrease in C:O ratio in Gr-TiO2 
nanocomposites suggested that the GO was reduced into Gr during 












Figure 4-1 XPS spectra of C 1s for GO (a) and 1.5Gr-TiO2 nanocomposites (b). 
 
Figure 4-2a shows XPS spectra of the Ti2p region for TiO2 and 1.5Gr-TiO2 
nanocomposites. The two peaks located at 458.1 eV and 463.83 eV in TiO2 are 
assigned to Ti2p3/2 and Ti2p1/2, respectively. However, there was a negative 
shift in binding energies Ti2p3/2 (458.19 eV) and Ti2p1/2 (463.93 eV) of Gr-
TiO2 nanocomposites. This observation could be attributed to the relatively 
lower oxidation state of the titanium in nanocomposites as it is surrounded by 
carbon and oxygen atoms. In addition, the splitting between two peaks in TiO2 
and 1.5Gr- TiO2 was found to be 5.7 eV. The existence of Ti
4+ chemical state 
was the same for both 1.5Gr- TiO2 and TiO2 nanoparticles. Figure 4-2b shows 
XPS spectra of O1s region for 1.5Gr-TiO2 nanocomposites. The peaks around 
529.7 eV and 531.14 eV are assigned to the bulk O2- of TiO2 and -OH 
absorbed on Gr-TiO2 nanocomposite surface as reported by (Wen et al. 2011). 




















Figure 4-2 XPS spectra of the Ti2p region for TiO2 and 1.5Gr-TiO2 (a) and (b) 
O1s core-level of the 1.5Gr-TiO2 nanocomposite. 
 
The TEM images of the GO and 1.5Gr-TiO2 nanocomposites are shown in 
Figures 4-3a and 4-3b, respectively. As can be seen from Figure 4-3b, the 
TiO2 nanoparticles of about 20 nm were deposited onto the Gr sheets. This 
observation could be attributed to the interaction between the hydrophilic 
functional groups of GO and TiO2. (Lightcap et al. 2010)) noted that when the 
nanocomposites are photo excited, the intimate interaction facilitates the 
movement of electrons from TiO2 nanoparticles to Gr sheets.  
 















The XRD patterns of GO, TiO2 and 1.5Gr-TiO2 nanocomposites are shown in 
Figure 4-4. For GO, the characteristics 2θ peak observed at 11.09° indicated a 
d-spacing of approximately 7.984 Å. This observation could be attributed to 
oxygen-rich groups present on both sides of the GO sheets and water 
molecules between the GO sheets, which is consistent with reported literature 
(Wang and Zhang 2011) (Wen et al. 2011). The XRD pattern of 1.5Gr-TiO2 
showed similar peak to pure TiO2. Notably, no characteristics peaks of Gr or 
GO were observed in the composites. This observation could be attributed to 
two reasons: (i) destruction of the regular stacking of GO due to microwave 
hydrothermal conditions, a phenomenon which was reported by (Liu et al. 
2010a); and (ii) at a relatively low GO loading in the nanocomposites, the GO 
peaks were covered by the diffraction signals of TiO2, a phenomenon which 
was reported by (Xu and Wang 2009). 
 
Figure 4-4 XRD patterns of GO, TiO2 and 1.5Gr-TiO2 nanocomposites. 
 

























4.1.2 Photocatalytic degradation performance of Gr-TiO2 
nanocomposites 
The photocatalytic activity of TiO2 and Gr-TiO2 nanocomposites were 
evaluated by degradation of CBZ under UVA light irradiation and the results 
are shown in Figure 4-5. The control experiments indicated that no significant 
degradation was observed by photolysis without nanocomposites and by 
adsorption to nanocomposites without irradiation. CBZ is highly polar and 
neutrally charged compound, hence possess poor sorption properties. This 
phenomenon therefore suggested that degradation was carried out by 
photocatalytic reactions on the catalytic surface. 
 
Figure 4-5 Photocatalytic degradation performances of CBZ by Gr-TiO2 
nanocomposites under UVA light irradiation. ([CBZ]0 = 300 ppb; [catalyst]0 = 10 
mg/ L; UV intensity = 1.8 mW/cm2; number of replicates = 3) 
 
The order of photocatalytic degradation efficiency of CBZ was given as 
follows: 2Gr- TiO2 (0.4686 min
-1) > 1.5Gr-TiO2 (0.4478 min
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(0.3959 min-1) > TiO2 (0.2671 min
-1) > 5Gr-TiO2 (0.1340 min
-1) > 10Gr-TiO2 
(0.1040 min-1), where the values in brackets represent the pseudo first order 
rate constant (Table 4-1). It is evident that the addition of GO to TiO2 up to 
2% led to higher pseudo-first order rate constants for CBZ degradation than 
that observed for pure TiO2. However, when the Gr content was increased 
beyond 2% (at 5% and 10%), there was a decrease in the pseudo first order 
rate constant. This phenomenon suggested that excessive Gr addition was 
unfavourable for photon absorption by TiO2 thereby leading to a decrease in 
performance of nanocomposites. This induction is in agreement with 
observations reported by (Wang and Zhang 2011, Wang et al. 2010).  
Table 4-1 The pseudo first-order rate constant and regression coefficient, R2, for 
degradation of CBZ at different GO mass percentage. 
Sample GO content (%) k (min-1) R2 
 
TiO2 0.0 0.2671 0.9938 
1 Gr-TiO2 1.0 0.3959 0.9965 
1.5 Gr-TiO2 1.5 0.4478 0.9991 
2 Gr-TiO2 2.0 0.4686 0.9936 
5 Gr-TiO2 5.0 0.1340 0.9939 
10 Gr-TiO2 10.0 0.1040 0.9981 
 
The mineralization of CBZ was studied under UVA irradiation by the Gr-TiO2 
nanocomposites and compared with pure TiO2. The results are shown in 
Figure 4-6. It was noted that with a 20 min UVA irradiation time the 1Gr-
TiO2, 1.5Gr-TiO2 and 2Gr-TiO2 nanocomposites produced about 80% TOC 
reduction compared with around 64% of TOC reduction by TiO2 alone. On the 
other hand, the TOC reduction was 46% and 51% by using 5Gr-TiO2 and 
10Gr-TiO2 nanocomposites, respectively.  






Figure 4-6 Comparison of TOC removal of the photolysis, TiO2 and Gr-TiO2 
nanocomposites for the degradation of CBZ under UVA irradiation.          
([CBZ]0 = 1ppm; [catalyst]0 = 50 mg/ L; UV intensity = 2 mW/cm2; number of 
replicates = 3) 
 
The high photocatalytic activity of the 1Gr-TiO2, 1.5Gr-TiO2 and 2Gr-TiO2 
nanocomposites could be clearly understood from Equations (4.1) – (4.3). 
Upon UV light illumination, electrons (e-) from valence band of TiO2 are 
excited to the conducting band, thereby creating holes (h+) in the valence 
band. Usually, majority of the generated charge carriers will recombine 
resulting in heat generation and only fraction of them will participate in 
photocatalytic reactions. However, for Gr-TiO2 nanocomposites, the excited 
electrons will transfer to Gr sheets thereby leading to electron-hole separation. 
Lightcap et al. (2010) has reported that the two dimensional π-conjugation 
structures of Gr sheets can act as an excellent electron acceptor, hence 









































+)+ OH- or H2O → TiO2 + OH
∙
 (4.2) 
Gr(e-) + O2→ Gr+ O2
-
 (4.3) 
These 1Gr-TiO2, 1.5Gr-TiO2 and 2Gr-TiO2 nanocomposites show similar 
photocatalytic performance. And, 1.5Gr-TiO2 was chosen for further studies 
because the order of reaction of 1.5Gr-TiO2 was higher than that of 1Gr-TiO2. 
In addition, by performing t-test, it was observed that there was no significant 
difference between the performance of 2Gr-TiO2 and 1.5Gr-TiO2 
nanocomposites (p-value = 0.77, which is greater than 0.05).  
4.1.3 RSM Model Analysis 
The CCD design combined with the experimental and predicted data of CBZ 
photocatalytic degradation using Gr-TiO2 nanocomposites are listed in      
Table 4-2. The average standard deviation between experimental and predicted 
data is 4.6. A second-order polynomial expression shown in Equation (4.4) 
consisting of 10 coefficients obtained from ANOVA at 95% confidence level 
(p < 0.05).  
Y (%) = -57.68+6.66X1-0.0607X2+136.14X3-0.104X12-0.00015X22- 41.53X32 
+0.001762X1X2 -1.28X1X3+0.0493X2X3.                                                                
(4.4) 
Where, Y = degradation efficiency expressed in %; and X1, X2, and X3 = the 
uncoded values of Gr-TiO2 nanocomposites dose; UVA light intensity and 










Table 4-2 CCD design matrix for three variables with observed and predicted 
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1 10 200 0.5 0.1532 0.9991 0.46 53.91 40.04 
2 30 400 0.5 0.2344 0.9986 0.30 69.65 69.60 
3 30 200 1.5 1.9280 1.0000 0.00 100.00 108.85 
4 10 400 1.5 0.4010 0.9971 0.14 85.60 78.27 
5 20 300 1.0 0.6011 0.9807 0.05 93.90 96.46 
6 20 300 1.0 0.6011 0.9807 0.05 95.00 96.46 
7 30 200 0.5 0.4332 0.9878 0.13 86.86 84.31 
8 10 400 0.5 0.0934 0.9955 0.63 37.00 18.27 
9 10 200 1.5 0.7390 0.9955 0.00 100.00 90.18 
10 30 400 1.5 0.9197 0.9968 0.00 100.00 103.99 
11 20 300 1.0 0.6011 0.9807 0.05 94.50 96.46 
12 20 300 1.0 0.6011 0.9807 0.05 95.00 96.46 
13 0 300 1.0 0.0000 0.0000 1.00 0.00 19.93 
14 40 300 1.0 0.9439 0.9905 0.00 100.00 89.93 
15 20 100 1.0 3.4539 0.9576 0.00 100.00 103.75 
16 20 500 1.0 0.2380 0.9975 0.29 71.00 77.12 
17 20 300 0.0 0.0000 0.0000 1.00 0.00 12.66 
18 20 300 2.0 1.2448 0.9947 0.00 100.00 97.20 
19 20 300 1.0 0.6011 0.9807 0.05 95.50 96.46 
20 20 300 1.0 0.6011 0.9807 0.05 95.00 96.46 





In order to test the significance and adequacy of the model, the ANOVA was 
performed and the obtained results are summarized in Table 4-3. A high F-
value (Fmodel = 12.89, much greater than unity) and a low probability value 
(Pmodel = 0.000212) indicated that the model obtained was highly significant. 
Furthermore, the goodness of fit of the model was verified by the coefficient 
of determination R2. In this study, the value of the coefficient of determination 
(R2 = 0.9206) shown in Table 4-3 indicated that 92.06 of the variability in the 
response could be explained by the model. Also, the adjusted coefficient of 
determination, R2 = 0.8492, was relatively high indicating that the obtained 
model was significant.  
Table 4-3 ANOVA for the selected quadratic model. 
Sources of 
variations  




F-value Probability P 
Regression 9 17748.02 1972.00 12.88 0.000212 
Residual 10 1530.26 153.02   
Total 19 19278.27    
    R2=0.9206; adjusted R2=0.8492 
 
Table 4-4 summarizes the Student’s t-test distribution and their corresponding 
values. In order to examine the significance of each coefficient and their 
interactive effects, the corresponding p-values were used as a reference. As 
shown in Table 4-4, the removal efficiencies of CBZ (%) at 5 min of UVA 
irradiation were significantly affected by the synergistic effect of linear term 
of Gr-TiO2 dosage (X1) and UV intensity (X3) with p-values of 0.0054 and 
0.0047, respectively, as well as, by the antagonistic effect of quadratic term of 
Gr-TiO2 dosage (X1
2) and UV intensity (X3
2) with p-values of 0.0018 and 
0.0018, respectively. Comparatively, as shown in Table 4-4, the linear term 





(X2) and quadratic term (X2
2) of initial CBZ concentration and the other 
interactive effects between parameters did not show much improvement in 
CBZ removal.  
Table 4-4 Factor effects and associated p-values for CBZ removal. 
Relationship Factor  Factor effect p-value 
Main effects Linear X1 3.5285 0.0054 
Linear X2 -0.3108 0.7623 
Linear X3 3.6096 0.0047 
Interactions Pure quadratic 
 
X12 -4.2081 0.0018 
X22 0.6107 0.5550 
X32 -4.2081 0.0018 
Cross product X1* X2 0.4029 0.6954 
X1* X3 -1.4633 0.1741 
X2* X3 0.5636 0.5854 
 
The results of ANOVA showed that Equation (4.4) clearly explained the 
actual relationship between the independent variables and its response. The 
comparison of the experimental and predicted values for CBZ removal is 
shown in Figure 4-7.  
 
Figure 4-7 The experimental CBZ degradation (%) plotted against the predicted 
values calculated from the RSM model. 
 





























The contour plots were then developed using Equation (4.4). The interaction 
effects of Gr-TiO2 dose (X1) and initial CBZ concentration (X2) on the CBZ 
removal is shown in Figure 4-8 (The UV intensity was kept constant at            
1 mW/cm2). It is noted that the CBZ removal increased with increasing Gr-
TiO2 dose. The maximum CBZ removal was observed when Gr-TiO2 dose 
was ranging from 18 to 35 mg/L while CBZ concentration varied from 100 to 
275 ppb. And the CBZ removal reached the minimum at low Gr-TiO2 dose 
and high CBZ concentration.  
 
Figure 4-8 Contour plots for CBZ removal (%) under UVA irradiation for 5 min 
X1 ([Gr-TiO2]) and X2 ([CBZ]) in fixed X3 ([UV intensity]). 
 
The effects of Gr-TiO2 dose (X1) and UV intensity (X3) on CBZ degradation 
is shown in Figure 4-9 (The CBZ concentration was fixed constant at 100 ppb 
(a), 300 ppb (b) and 500 ppb (c)). It can be seen that CBZ removal reached a 
minimum at low Gr-TiO2 dose and UV intensity. When CBZ concentration 
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0.55 mW/cm2 UV intensity and 11 mg/L Gr-TiO2 dose. However, when the 
initial CBZ concentration was increased to 300 ppb then 0.8 mW/cm2 UV 
intensity and 17.5 mg/L Gr-TiO2 dose were required for CBZ degradation. 
Further increase in initial CBZ concentration (500 ppb) required minimum of 
1.2 mW/cm2 UV intensity and 40 mg/L Gr-TiO2 dose. When CBZ 
concentration was fixed at 300 ppb, the optimum region for CBZ removal was 
in the range of 20-34 mg/L of Gr-TiO2 dose and 1.05-1.8 mW/cm
2 UV 
intensity.  
Figure 4-10 shows the effect of CBZ concentration (X2) and UV intensity 
(X3) on degradation of CBZ (The Gr-TiO2 dose was fixed constant at 20 
mg/L). The CBZ removal increased with increase in UV intensity. The 
optimum range of UV intensity and CBZ concentration for CBZ removal were 
in the range of 0.9-1.85 mW/cm2 and 100-325 ppb, respectively. The CBZ 
removal reached a minimum at high CBZ concentration and low UV intensity. 
These generated 2D contour plots are helpful to visualize the influence of Gr-
TiO2 dose, CBZ initial concentration and UV intensity on CBZ removal. The 
interrelationships between two tested variables and the relationship between 
responses can be understood. These plots indicated that CBZ removal was 












Figure 4-9 Contour plots for CBZ removal (%) under UVA irradiation for 5 min 
X1 ([Gr-TiO2]) and X3 ([UV intensity]) in fixed X2 ([CBZ]) at 100 ppb(a),       
































































































































































































Figure 4-10 Contour plots for CBZ removal (%) under UVA irradiation for 5 
min, X2 ([CBZ]) and X3 ([UV intensity]) in fixed X1 ([Gr-TiO2]). 
 
The optimum conditions (X0) for achieving 100% CBZ removal could be 
evaluated from Equation (4.5): 







Where b = a (k × 1) vector of the first order regression coefficients and B = a 
(k  × k) symmetric matrix whose diagonal elements are the pure quadratic 
coefficients and whose non diagonal elements are one-half the mixed 
quadratic coefficients (Khuri and Cornell 1996). The obtained optimum 
conditions to achieve 100% CBZ removal with 5 min UVA irradiation were 
25.14 mg/L Gr-TiO2 dose, 167.68 ppb initial CBZ concentration and           





















































CBZ conc (ppb) 






The photocatalytic efficiency of Gr-TiO2 nanocomposites for the degradation 
of CBZ was found to be related to the mass percentage of GO present. The 
nanocomposites with 1.5Gr-TiO2 were chosen as the best performing 
photocatalyst compared with other nanocomposites and pure Gr-TiO2.  
The optimization and the modeling of photocatalytic degradation of CBZ were 
evaluated by using central composite design. The good correlation of the 
model indicated that the second order polynomial is useful in determining the 
optimum parameters for 100% CBZ removal. The optimum conditions 
obtained using CCD to achieve 100% CBZ removal with 5 min UVA 
irradiation were 25.14 mg/L Gr-TiO2 dose, 167.68 ppb initial CBZ 
concentration and 1.35 mW/cm2 UV intensity.  





4.2 CBZ degradation: Effect of water chemistry and 
performance of SiC-Gr-TiO2 photocatalytic membrane 
Gr-TiO2 nanocomposites prepared using GO purchased from NanoInnova 
Technologies was used for the following study in this chapter:  
(1) The influence of water chemistry (such as pH, alkalinity, ionic strength 
and NOM) on CBZ degradation. 
(2) The major mechanism responsible for CBZ degradation using Gr-TiO2 
nanocomposites. 
(3) Characterization and photocatalytic performance of SiC-Gr-TiO2 
membrane.  
4.2.1 Influence of pH on CBZ removal 
The photocatalytic degradation of CBZ using Gr-TiO2 nanocomposites was 
studied under three different pH conditions (i.e., pH 4, pH 7 and pH 9). The 
photolysis was used as a background concentration. It is evident from Figure 
4-11 that during photolysis there was no significant CBZ degradation. 
However, Georgaki et al. (2014) has reported that during photolysis about 
60% decrease in CBZ initial concentration (10 mg/L) after 30 min of 
irradiation. This large difference in CBZ degradation from our study is due to 
three factors such as very high UV intensity (58-60 mW/cm2), high catalyst 
dose 100 mg/L and longer irradiation time (30 min). However, in our study 
UV intensity (1.8-2 mW/cm2), catalyst dose (10 mg/L) and irradiation time    
(6 min) applied were much lower which led to lower CBZ degradation during 
photolysis.  





And as shown in Figure 4-11, the CBZ degradation was efficient at both acidic 
(pH 4) and alkaline (pH 9) conditions. After 6 min of UV irradiation, CBZ 
degradation was 79% at pH 4 and 88% at pH 9. However, CBZ degradation 
was noticeably dampened at pH 7. As shown in Figure 4-11, CBZ degradation 
achieved at pH 7 was only 44%. Similarly, it is noted from Table 4-5 that the 
pseudo-first order reaction rate constant observed at pH 7 (0.100 min-1) was 
much lower compared with those obtained at pH 4 (0.288 min-1) and pH 9 
(0.340 min-1). 
 
Figure 4-11 CBZ degradation using Gr-TiO2 nanocomposites at different 
medium pH. ([CBZ]0 = 500 ppb; [catalyst]0 = 10 mg/ L; UV intensity = 1.6 
























Table 4-5 The pseudo first-order kinetic rate constant (k) and regression 
coefficient (R2) of CBZ degradation under different pH conditions. 
 
Two different mechanisms are involved in CBZ degradation. At acidic 
conditions, positive holes are considered to be the predominant oxidation 
species. The positive holes would oxidize CBZ molecules in two ways: (1) 
direct oxidation, and (2) via formation of reactive OH∙ with the water molecule 
adsorbed on Gr-TiO2 nanocomposites surface as shown in Equation (4.6) 
(Matthews 1986).  
Gr-TiO2(hvb




In contrast, hydroxyl radicals are major oxidation species under alkaline pH.  
At alkaline pH, the generation of OH∙ is expected to be more because of the 
availability of more hydroxyl radicals on the surface of the nanocomposites 
(Matthews 1986).  
However, at pH 7 the CBZ degradation was only 50% due to aggregation of 
nanocomposites. This is evident from the relative increase in nanocomposites 
diameter at pH 7 compared to those at pH 4, pH 5 and pH 9 (Figure 4-12). The 
increase in nanocomposites diameter could decrease the effective surface area 
of nanocomposites leading to a lower production of OH∙ radicals and 
eventually resulted in lower CBZ degradation.  
pH 
CBZ degradation after 





4 79 0.288 0.9884 
7 44 0.100 0.9956 
9 88 0.340 0.9814 






Figure 4-12 Influence of pH on effective diameter of the Gr-TiO2 
nanocomposites. 
Most of the surface water resources are alkaline in nature. As CBZ 
degradation using Gr-TiO2 nanocomposites was efficient at alkaline 
conditions, this process should be suitable for drinking water treatment.  
4.2.2  Influence of alkalinity on CBZ removal 
The influence of alkalinity on CBZ degradation was evaluated using three 
concentrations of bicarbonate (i.e., 50, 100, and 300 mg/L as CaCO3). The pH 
value of the solution was naturally maintained between 8 and 8.6 by the 
bicarbonates present in solution. 
 Figure 4-13 shows the influence of different concentrations of alkalinity on 
CBZ degradation using Gr-TiO2 nanocomposites. As shown in Figure 4-13, at 
50 mg/L CaCO3, there was negligible effect of alkalinity on CBZ degradation. 
However, there was drastic decrease in CBZ degradation at 100 and 300 mg/L 
CaCO3. The CBZ degradation decreased from 92% (at 0 mg/L CaCO3) to 70% 






























first order rate constant decreased from 0.411 min-1 (at 0 mg/L CaCO3) to 
0.224 min-1 (100 mg/L CaCO3) and 0.075 min
-1 (300 mg/L CaCO3) (Table 4-
6). Similar to our study, Avisar et al. (2013) observed 42% reduction in CBZ 
removal at alkaline concentrations of 100 mg/L CaCO3 using N-doped TiO2 
coated glass substrate.  
 
Figure 4-13 CBZ degradation using Gr-TiO2 nanocomposites at different 
alkalinities (as CaCO3 concentration). ([CBZ]0 = 500 ppb; [catalyst]0 = 10 mg/ L;  
UV intensity = 1.6 mW/cm2; number of replicates = 3). 
 
Table 4-6 CBZ degradation, pseudo first-order kinetic rate constant (k) and 
regression coefficient (R2) with different alkalinity. 
Alkalinity 
concentrations 
(mg/L as  CaCO3) 
CBZ degradation after 




0  92 0.411 0.9946 
50 89 0.373 0.9827 
100 70 0.224 0.9848 





































The decrease in CBZ degradation is attributed to the inhibiting effect of 
carbonate ions (𝐶𝑂3
2−) and hydrogenocarbonates ions (H𝐶𝑂3
−) present in the 
solution (Buxton et al. 1988, Guillard et al. 2005). Both ions would react with 
photogenerated 𝑂𝐻∙ radicals to form carbonate radicals (𝐶𝑂3
∙−) as shown in 
Equations (4.7) and (4.8). The 𝐶𝑂3
∙− radicals produced are weak oxidizing 
agent compared to 𝑂𝐻∙ radicals (Bhatkhande et al. 2002). The low reactivity 
of 𝐶𝑂3
∙− radicals is evident from its lower oxidation potential                          
[E0 (CO3
•−/CO3
2−) = 1.85 V] compared to hydroxyl radicals [E0 (OH
•/H2O) = 
2.80 V]. Therefore, when the alkalinity of the solution is increased more 𝐶𝑂3
∙− 
radicals are produced leading to a decrease in CBZ degradation as shown in 






∙-+ H2O (4.8) 
From the above results, it can be concluded that the CBZ degradation using 
Gr-TiO2 nanocomposites will be efficient for treating surface water resources 
with alkalinity less than 100 mg/L as CaCO3. 
4.2.3 Influence of chloride anions on CBZ removal 
The experiments were conducted at three different concentrations of CaCl2 
(i.e., 0 mM, 1 mM and 5 mM). As shown in Figure 4-14, CBZ degradation 
decreased with increasing ionic strength of the solution. At 0 mM CaCl2 after 
6 min UV irradiation, the CBZ degradation was 92% and the pseudo-first 
order rate constant was 0.428 min-1. When 1 mM CaCl2 and 5 mM CaCl2 were 
added, the corresponding CBZ degradation decreased to 37% and 25%, 





respectively. The corresponding pseudo first order rate constants also 
decreased from 0.428 min-1 to 0.079 min-1 and 0.054 min-1 (Table 4-7).  
The inhibition of CBZ degradation is due to Cl
∙ formation. At experimental 
pH conditions (pH 5.6), the nanocomposites are positively charged and Cl- 
ions will have high affinity toward nanocomposites than CBZ molecules. This 
in turn lead to a decrease in the reaction rate constant (Piscopo et al. 2001). 
Also, these Cl- ions block the formation of hydroxyl free radicals as shown in 
Equation (4.9) and Equation (4.10) (Wang et al. 2000).  
Cl
-
 + OH∙ → Cl
∙







                                                   (4.10) 
 
Figure 4-14 CBZ degradation using Gr-TiO2 nanocomposites at different ionic 
strengths. ([CBZ]0 = 500 ppb; [catalyst]0 = 10 mg/ L;  UV intensity = 1.6 



















0 mM CaCl2 
1 mM CaCl2 
5 mM CaCl2 
 





Table 4-7 CBZ degradation, pseudo first-order kinetic rate constant (k) and 





Therefore, two main mechanisms are involved for the reduction of CBZ 
degradation at different ionic strength. The first one is the competition of Cl- 
for reactive active sites and the second one is holes and radical scavenging 
reactions as shown in Equation (4.9) and Equation (4.10).  
4.2.4 Influence of HA on CBZ removal  
NOM could impact the photocatalytic efficiency in either ways as a promoter 
or as an inhibitor. It has been reported that the photodegradation of CBZ was 
increased in river waters. This is due to promotion of indirect 
photodegradation by generating photo-reactants (e.g. 1O2,OH
∙
) as highly 
dissolved organic content is present in the river water. For instance, Doll and 
Frimmel (2003) stated that CBZ degradation was enhanced by the presence of 
low concentrations of NOM. Another study by Matamoros et al. (2009) was in 
agreement with Doll and Frimmel (2003). Carbamazepine showed a two to 
four times lower half-life in the Ebre (12.8 h) and Besos river water (8.25 h) 
when compared to pure water (38.5 h). This is consistent with the high DOC 
content in river water (Ebre - 2.85 mg/L and Besos – 11.2 mg/L) promoting 
the indirect photodegradation by generation of photo reactants that can react 
with carbamazepine. On the other hand, NOM can act as an inhibitor. NOM 
CaCl2 
(mmol/L) 





0 92 0.428 0.9938 
1 37 0.079 0.9960 
5 25 0.054 0.9833 





are electron-rich compounds and capable of scavenging photogenerated holes 
leading to termination of reactive chain. Further, the retardation of 
photocatalytic degradation of the target pollutants is caused by inner filter 
effects and by surface deactivation of catalyst surface by adsorption. 
Figure 4-15 and Table 4-8 show the influence of HA initial concentration on 
CBZ degradation. As seen, CBZ degradation decreased with increase in HA 
concentration in the solution. The CBZ degradation achieved after 24 min of 
UV irradiation was as follows: 100% (0.5 ppm HA) > 66% (1 ppm HA) > 
19% (5 ppm HA). The corresponding decrease in pseudo-first order rate 
constant was as follows: 0.117 min-1 (0.5 ppm HA) > 0.042 min-1 (1 ppm HA) 
> 0.008 min-1 (5 ppm HA). As shown in Figure 4-15, at high HA 
concentrations (1 ppm and 5 ppm HA), CBZ degradation was minimal from 
the start of experiment to 9 min irradiation time. After 9 min of UV 
irradiation, the CBZ degradation increased significantly. The acceleration of 
CBZ degradation was more obvious at 1 ppm HA concentration compared to   
5 ppm HA. This is because at high HA concentrations competition for active 
site is more leading to poor degradation. 






Figure 4-15 CBZ degradation using Gr-TiO2 nanocomposites with different 
concentrations of HA. ([CBZ]0 = 500 ppb; [catalyst]0 = 40 mg/ L;  UV intensity = 
1.6 mW/cm2; number of replicates = 3). 
 
Table 4-8 CBZ removal efficiency, pseudo first-order kinetic rate constant (k) 










0 100 0.95 0.9854 
0.5 100 0.117 0.9085 
1 66 0.042 0.9047 
5 19 0.008 0.9139 
 
The presence of HA (0.5 mg/L) has caused a decrease of 87% in the pseudo 
first-order rate constant of CBZ degradation. It should be noted that the 
observed decrease in the CBZ degradation rate is not only a consequence of 
the inner filter effects (Doll and Frimmel 2003) but also due to other 


























has prevalently negative charge (Bratskaya et al. 2004) could adsorb quite well 
on the positively charged Gr-TiO2 nanocomposites. This is evident from the 
zeta potential measurement of Gr-TiO2 nanocomposites (Figure 4-16). As 
shown in Figure 4-16, the zeta potentials of Gr-TiO2 nanocomposites have 
shifted from positive to negative zeta potentials due to adsorption of HA on 
nanocomposites surface. Further, as HA are electron-rich compounds they are 
capable of scavenging the photogenerated holes in the valence band of 
nanocomposites and inhibit CBZ degradation. Therefore, the main mechanism 
for decrease in CBZ degradation in the presence of HA could be attributed to 
inner-filter effect, by deactivation of catalyst surface by adsorption as well as 
by competition for reactive species.  
 
Figure 4-16 Influence of HA concentrations on zeta potential of Gr-TiO2 
nanocomposites. 
Avisar et al. (2013) investigated the influence of NOM on CBZ removal using 
N-doped TiO2 photocatalytic thin film surfaces. The authors showed that at 





























negligible but at high concentrations (DOC = 5 mg/L) about 20% reduction in 
CBZ removal was observed. This large difference in removal efficiency from 
our study could be due to high adsorption of NOM onto TiO2 nanoparticles in 
suspended form. However, in case of N-doped TiO2 coated samples the 
adsorption would be negligible. The results obtained from our study is in good 
agreement with Doll and Frimmel (2005). The authors observed 40% 
reduction in CBZ removal in presence of 0.5 ppm NOM concentration by 
using TiO2 (100 mg/L). 
4.2.5  Influence of scavengers (EDTA/t-BuOH) on CBZ removal 
To provide more insight to the mechanism involved in photocatalytic 
degradation of CBZ, a series of experiments were conducted using holes and 
radical scavengers (0.1 mM EDTA or t-BuOH, respectively) with Gr-TiO2 
nanocomposites and TiO2.  
Figure 4-17 shows the results obtained with Gr-TiO2 nanocomposites. It is 
noted that the presence of t-BuOH and EDTA led to decrease in CBZ 
degradation. As shown in Figure 4-17, 92% CBZ degradation was achieved 
after 6 min of UV irradiation when t-BuOH and EDTA were not added (i.e. 
control experiment). In contrast, the corresponding CBZ degradation was 53% 
when 0.1 mM t-BuOH was added. As shown in Table 4-9, the pseudo-first 
order rate constant decreased from 0.411 min-1 to 0.129 min-1 when t-BuOH 
was present. However, the addition of 0.1 mM EDTA alone resulted in a 
drastic decrease of CBZ degradation efficiency from 92% (when EDTA was 
not added) to 5%. And the pseudo-first order rate constant decreased from 
0.411 min-1 to 0.009 min-1. 






Figure 4-17 CBZ degradation using Gr-TiO2 nanocomposites under the 
influence of hole/radical scavengers (EDTA-tBuOH). ([CBZ]0 = 500 ppb; 
[catalyst]0 = 10 mg/ L;  UV intensity = 1.6 mW/cm2; number of replicates = 3). 
 
Table 4-9 CBZ degradation, pseudo first-order kinetic rate constant (k) and 
regression coefficient (R2) of CBZ degradation with or without scavengers. 
Samples 
CBZ degradation (%) 





Gr-TiO2 92 0.411 0.9946 
Gr-TiO2- tBuOH 53 0.129 0.9984 
Gr-TiO2-EDTA 05 0.009 0.9948 
TiO2 68 0.192 0.9982 
TiO2- tBuOH 39 0.081 0.9959 
TiO2-EDTA 05 0.008 0.9080 
 
Similar to Gr-TiO2 nanocomposites, the influence of radical and hole 
scavengers on CBZ degradation was studied using TiO2 (Figure 4-18). The 
























degradation efficiency from 68% (when t-BuOH was not added) to 39%. On 
the other hand, the addition of EDTA resulted in a drastic decrease of CBZ 
degradation (5%). The corresponding pseudo-first order rate constant 
decreased from 0.192 min-1 in the absence of any scavengers to 0.018 min-1 
and 0.008 min-1 in the presence of t-BuOH and EDTA, respectively (Table 4-
9). 
 
Figure 4-18 CBZ degradation using TiO2 under the influence of hole/radical 
scavengers (EDTA-tBuOH). ([CBZ]0 = 500 ppb; [catalyst]0 = 10 mg/ L;  UV 
intensity = 1.6 mW/cm2; number of replicates = 3). 
  
The main steps involved in photocatalytic degradation of CBZ and the 
influence of scavengers on holes (EDTA) and radicals (t-BuOH) on CBZ 
degradation are illustrated in Figure 4-19. When Gr-TiO2 nanocomposites 
were excited under UV irradiation, electron-hole pairs were generated. The 

























with the adsorbed water molecules to produce highly reactive hydroxyl 
radicals. Simultaneously, photogenerated electrons would move to Grand react 
with oxygen molecules to form superoxide molecules, which in turn react with 
water molecules to produce hydroxyl radicals. When holes scavenger (EDTA) 
was added to the reaction solution, the photogenerated holes will be trapped 
by EDTA and oxidation of CBZ molecule will be mainly due to reactive 
radicals formed from photogenerated electrons. On the other hand, when t-
BuOH was added to reaction solution then hydroxyl radicals produced at both 
valence and conducting band will be responsible for the target compound 
degradation (Pastrana-Martínez et al. 2013a). It could be inferred from above 
results that presence of EDTA greatly diminished CBZ degradation compared 
to presence of t-BuOH. Therefore, photo generated holes (h+) were considered 
to be the major active oxidizing species participating in the CBZ degradation 
using both Gr-TiO2 and TiO2. These observations suggested that the main 
oxidising species did not change by the introduction of Gr onto the 
nanocomposites, indicating that the crystal structure of TiO2 was unaltered in 
nanocomposites. Therefore, it could be concluded that presence of h+ 
scavenging species such as Cl- would inhibit CBZ degradation to a greater 
extent. The results obtained from our study is in good agreement with the 
results obtained by Pastrana Martinez et al. (2012) during DP degradation 
under near-UV/Vis irradiation. The addition of t-BuOH has reduced the 
photocatalytic degradation of DP, the pseudo-first order rate constant 
decreased from 62.3 × 10−3 to 28.7 × 10−3 min−1 in the absence and presence 
of t-BuOH, respectively. However, the addition of EDTA has resulted in a 
noticeable decrease of the DP photodegradation rate (k = 6.80 × 10−3 min−1). 









Figure 4-19 Schematic illustration of the main steps involved on the 
photocatalytic degradation of CBZ using Gr-TiO2 nanocomposites and the 
influence of scavengers for holes (EDTA) and radicals (t-BuOH). 
 
4.2.6 CBZ degradation using Gr-TiO2 nanocomposites immobilized SiC 
membrane 
The characterization and photocatalytic performance of the Gr-TiO2 
immobilized SiC membranes (SiC-Gr-TiO2) will be discussed in this section.  
4.2.6.1  Characterization of membrane 
FESEM equipped with EDX was used to investigate the morphology and 
chemical composition of the membranes. The top views of the blank 
membrane (SiC), TiO2 immobilized (SiC-TiO2) and Gr-TiO2 immobilized 
(SiC-Gr-TiO2) membranes are shown in Figure 4-20. FESEM confirms the 
presence of nanomaterials on SiC-TiO2 and SiC-Gr-TiO2 membrane surfaces 
(Figure 4-20). Electrostatic affinity between nanocomposites and membrane 





surface is the major factor responsible for the successful deposition of the 
nanomaterials on membrane surface (Yao et al. 2008). At experimental pH 
condition (pH 5.6), both TiO2 and Gr-TiO2 nanocomposites were positively 
charged and SiC membrane is negatively charged. Therefore, deposition of 
TiO2 and Gr-TiO2 onto membrane is favoured. This observation suggested that 
the dip-coating method can be used for successful immobilization of Gr-TiO2 


















 Figure 4-20 FESEM images of SiC membrane (a) before dipcoating, (b) after 










EDX was used to analyse the elements present in SiC, SiC-TiO2 and SiC-Gr-
TiO2 membranes. Figures 4-21, 4-22 and 4-23 show the peaks associated with 
SiC, SiC-TiO2 and SiC-Gr-TiO2 membrane, respectively. All these 
membranes showed strong peaks of Si as well as peaks of C and O, which are 
mainly contributed from the SiC membrane substrate. In addition to these 
elements (Si, C and O), peak of titanium (Ti) was observed on both SiC-TiO2 
and SiC-Gr-TiO2 membranes. This observation confirmed the deposition of 
nanomaterials on membrane substrate during dip-coating procedure. As shown 
in Figure 4-22 and Figure 4-23, the Ti mass content of SiC-TiO2 membrane 
(34%) was higher than SiC-Gr-TiO2 membrane (17%). It can be speculated 
that in Gr-TiO2 nanocomposites, as TiO2 nanoparticles were embedded on GO 
sheet the amount of nanoparticles deposition on membrane surface and the 
detection of mass content of TiO2 nanoparticles were limitted. On the other 
hand, the carbon mass content of SiC-Gr-TiO2 membrane (8.65%) was higher 
than SiC-TiO2 membrane (4.55%). The higher carbon mass content of SiC-Gr-
TiO2 membrane is attributed to the presence of Gr in SiC-Gr-TiO2 membrane. 
Therefore, it is understood that there was no significant deterioration of Gr in 





































Figure 4-23 Elemental analysis (EDS) of SiC-Gr-TiO2 membrane. 





4.2.6.2 CBZ degradation using fabricated membranes 
The photocatalytic efficiency of SiC-Gr-TiO2 membrane was evaluated in a 
continuous flow reactor under UVC irradiation. Similarly the control 
experiments were conducted using SiC and SiC-TiO2 membrane. The 
membranes were placed in the reactor in darkness for 1 h before UV 
irradiation and the concentration of the CBZ was measured at the beginning 
and at the end of 1 h. There was no considerable decrease in CBZ 
concentration. Therefore CBZ removal due to membrane adsorption was 
negligible. However, as seen in Figure 4-24, after 40 min of UV irradiation 
there was considerable CBZ degradation by all the three membranes. The 
photocatalytic activity of the membranes was as follows: SiC-Gr-TiO2 (39%) 
> SiC-TiO2 (34%) > SiC (24%). 
 
Figure 4-24 Photocatalytic degradation of CBZ in continuous mode with a             
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It was apparent that the performance of SiC-Gr-TiO2 membrane was highest 
compared to the other two membranes investigated. This observation could be 
attributed to the enhanced photocatalytic activity of Gr-TiO2 nanocomposites 
deposited on SiC-Gr-TiO2 membrane. The mechanism for photocatalytic 
activity of SiC-TiO2 is illustrated in Figure 4-25. Under UV irradiation, both 
SiC and TiO2 will be activated. The conduction band of SiC is more cathodic 
than the conduction band of TiO2, therefore TiO2 will act as a sink for the 
photogenerated electrons. And, the valence band of TiO2 is more positive than 
the corresponding band of SiC, therefore hole transfer occurs from the valence 
band of TiO2 to that of SiC. Therefore, the electrons will be gathered on the 
surface of TiO2 while holes on SiC. This simultaneous charge transfer will 
decrease the recombination of photogenerated electron–hole pairs leading to 
increased photocatalytic activity (Keller and Garin 2003, Zou et al. 2013). On 
the other hand, for SiC-Gr-TiO2 membrane, it can be speculated that under UV 
irradiations the photogenerated electrons from both TiO2 and SiC would 
simultaneously move into graphene. Thereby reduces electron-hole 
recombination. This is reasonable because, TiO2 nanoparticles were embedded 
on Gr sheets and the direct electron transfer between SiC and TiO2 is therefore 
limited. From the above results, it could be inferred that the prepared SiC-Gr-
TiO2 membrane can have greater potential for water treatment.    






Figure 4-25 The schematic diagram of electron transfer for SiC-TiO2 
nanocomposites (Keller and Garin 2003). 
 
4.2.6.3 Influence of UV intensity on CBZ degradation using SiC-Gr-TiO2 
membrane 
To investigate the influence of UV intensity on CBZ degradation, experiments 
were conducted at three different UV intensities (i.e., 0.6, 1.0 and                 
1.6 mW/cm2). The CBZ degradation was studied using both SiC and SiC-Gr-
TiO2 membranes at 0.6 mW/cm
2. As shown in Figure 4.26a, 31% CBZ 
degradation was achieved by SiC-Gr-TiO2 membrane after 45 min of UV 
irradiation. For SiC membrane the CBZ degradation was lower (10%). As 
discussed in the previous section, the deposition of Gr-TiO2 nanocomposites 
on membrane surface enhanced the photocatalytic activity of SiC-Gr-TiO2 
membrane. When the UV intensity was increased from 0.6 mW/cm2 to            
1 mW/cm2, the CBZ degradation efficiency of SiC-Gr-TiO2 membrane 
increased from 31% to 42% (Figure 4-26b). The increase in UV intensity 
would adequately provide each Gr-TiO2 nanocomposites active sites with 
sufficient photons energy required, leading to enhancement in photocatalytic 
activity. However, there was no significant improvement in CBZ degradation 





when UV intensity was increased to 1.6 mW/cm2. From the above results, it 
could be concluded that 1 mW/cm2 would be the optimum UV intensity for 
CBZ degradation.  
The observation with regard to the relationship between illumination intensity 
and pollutant removal is in agreement with other studies reported in literature 
(Glatzmaier et al. 1991, Glatzmaier et al. 1990, Magrini and Webb 1990). 
Thus, UV intensity is an important factor to be considered while designing the 
reactor for practical applications.   






Figure 4-26 (a) Photocatalytic degradation of CBZ in continuous mode                   
(0.6 mW/cm2). (b) Photocatalytic degradation of CBZ using SiC-Gr-TiO2 
membrane in continuous mode at different UV intensity. 
 
4.2.6.4 Influence of flux on photocatalytic activity of SiC-Gr-TiO2 
membrane 
Figure 4-27 shows the influence of flux on CBZ degradation using SiC-Gr-
TiO2 membrane. The CBZ degradation was studied with two different fluxes 
(15 and 30 L/m2h). As shown in Figure 4-27, when the flux was maintained at 
30 L/m2h, CBZ degradation reached 20% after 35 min. There was no 
significant decrease in CBZ degradation beyond 15 min. On the other hand, 















































degradation was observed. About 40% CBZ degradation was achieved after 35 
min. When the flux is reduced, the residence time of CBZ molecules inside the 
reactor would increase. Therefore, the contact time between CBZ molecule 
and membrane surface would increase for efficient oxidation, leading to 
improvement in CBZ removal.  
This observation is agreeable with literature. Chin et al. (2007) studied the 
relationship between filtration flux and TOC removal. Results showed that 
slower permeate flux have led to better TOC removal efficiency. Hence, 
during practical application appropriate flux should be maintained to achieve 
required pollutant removal. Further research works are needed to understand 
the stability of nanocomposites coating on membrane as well as the reusability 
of SiC-Gr-TiO2 coated membrane. 
 
Figure 4-27 Photocatalytic degradation of CBZ using SiC-Gr-TiO2 membrane in 




























The effects of water chemistry such as pH, alkalinity, ionic strength and NOM 
on CBZ degradation were evaluated. CBZ degradation was efficient at both 
alkaline and acidic pH conditions. At alkaline conditions (pH 9), after 6 min of 
UV irradiation, Gr-TiO2 nanocomposites produced 88% reduction in CBZ 
concentration. Since most of the surface water resources are alkaline in nature, 
Gr-TiO2 nanocomposites could be a promising photocatalytic for CBZ 
degradation in natural water. However, there was considerable decrease in 
CBZ degradation with increase in solution alkalinity, ionic strength and NOM. 
For instance at 100 mg/L CaCO3, there was 45% decrease in pseudo first-
order rate constant compared to control (0 mg/L CaCO3). The decrease in 
CBZ degradation is due to OH∙ radicals scavenging by 𝐶𝑂3
2− and H𝐶𝑂3
− ions. 
And, the presence of chloride ions retarded the CBZ degradation from 92% (0 
mM CaCl2) to 37% with the presence of 1 mM of CaCl2. The decrease in CBZ 
degradation is attributed to competitive adsorption of Cl- ions on 
nanocomposites as well as holes and radical scavenging effect by Cl- ions.  
Similar to the alkalinity and ionic strength, the presence of HA retarded CBZ 
degradation by combination of inner-filter effect, surface deactivation and 
competition for reactive species. The pseudo first-order rate constant 
decreased by 87% with the addition of 0.5 ppm HA. Furthermore, the 
underlying mechanism for CBZ degradation using TiO2 and Gr-TiO2 
nanocomposites was investigated using holes and radicals scavengers. Results 
showed that the photogenerated holes were the primary oxidising species for 
CBZ degradation in both TiO2 and Gr-TiO2 nanocomposites based 
photocatalytic processes.  





To improve the feasibility of practical applications, the Gr-TiO2 
nanocomposites were immobilized on SiC membrane. The photocatalytic 
performance of prepared membrane was analysed by changing the UV 
intensities (0.6, 1.0 and 1.6 mW/cm2) and membrane flux (15 and 30 L/m2h). 
The photocatalytic activity of the SiC-Gr-TiO2 membrane increased with 
increasing UV intensities. When the UV intensity was increased from          
0.6 mW/cm2 to 1 mW/cm2, after 40 min of UV irradiation CBZ degradation by 
SiC-Gr-TiO2 increased from 31% to 42%. On the other hand, when the flux 
was increased the photocatalytic performance of membrane was decreased due 
to less residence time of CBZ molecules inside the reactor. When the 
membrane flux was increased from 15 L/m2h to 30 L/m2h, CBZ degradation 
decreased from 40% to 25%. 





5 SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 
This chapter summarizes the results of research work discussed in previous 
chapters and proposes suggestions for future work.  
5.1 Summary and Conclusions 
The occurrence of pharmaceuticals in the aquatic environment has many 
potential negative effects on human health. Owing to the complex properties 
of these pharmaceuticals, there is no specific treatment available to assure its 
complete removal thus far. Therefore, development of reliable processes that 
could effectively eliminate these pharmaceuticals from water is essential for 
safeguarding human health. Heterogeneous photocatalysis using Gr-TiO2 
nanocomposite seems to be one of the most promising options for 
pharmaceuticals removal. However, the application of Gr-TiO2 
nanocomposites for pharmaceuticals degradation is still in primary stage of 
development. Therefore, this present work was conducted to analyze the 
performance of Gr-TiO2 nanocomposites for pharmaceuticals degradation 
under both suspended and immobilized states of existence. CBZ was used as 
model compound to evaluate the photocatalytic efficiency of Gr-TiO2 
nanocomposites.  
Firstly, the Gr-TiO2 nanocomposites were prepared using a simple microwave-
hydrothermal method. The functionalization of GO sheets and TiO2 
nanoparticles obtained was studied using XPS and TEM analysis. XRD 




pattern was used to analyse the crystal structure of Gr-TiO2 nanocomposites. It 
was noted that: 
 The C:O ratio obtained from XPS spectra was lower in Gr-TiO2 
nanocomposites (1:0.12) compared with GO (1:0.7). The decrease in 
C:O ratio in Gr-TiO2 nanocomposites suggested that the GO used for 
nanocomposites preparation was reduced into Gr during hydrothermal 
reaction. 
 The deposition of TiO2 nanoparticles on Gr sheet was confirmed from 
TEM images.  
 XRD pattern of Gr-TiO2 nanocomposites was similar to TiO2. This 
indicates that the photocatalytic activity of TiO2 is not affected during 
nanocomposite preparation. 
Secondly, the GO content in nanocomposites was optimized. The Gr-TiO2 
nanocomposites with different GO loading (1, 1.5, 2, 5 and 10%) were 
prepared and their photocatalytic activity were evaluated. It was noted that: 
 The Gr-TiO2 nanocomposites with low GO loading (i.e., 1, 1.5 and 
2%) showed better photocatalytic activity compared with those high 
GO loading (i.e. 5% and 10%). 
 In Gr-TiO2 nanocomposites with 1.5 and 2% GO loading, the 
enhancement in pseudo-first order rate constant over TiO2 
nanoparticles is 1.7 times. 
Further, the CBZ degradation was studied under the influence of operating 
parameters such as Gr-TiO2 nanocomposites dose, initial CBZ concentration 
and UV intensity. For optimization, the photocatalytic degradation 




experiments were designed using CCD. The best combination of operating 
conditions that could achieve 100% CBZ degradation was obtained. Results 
showed that: 
 The optimum values of Gr-TiO2 dose, UV intensity and initial CBZ 
concentration with respect to CBZ degradation were 25.14 mg/L, 1.35 
mW/cm2 and 167.68 ppb, respectively. 
 Under these operating conditions, 100% of CBZ degradation could be 
attained in 5 min of UV irradiation time. 
Thirdly, apart from operating conditions CBZ degradation was affected by 
water chemistry (such as pH, alkalinity, ionic strength and NOM 
concentrations). It was noted that:  
 The CBZ degradation was efficient at both acidic (pH 4) and alkaline 
(pH 9) conditions. After 6 min of UV irradiation, CBZ degradation 
was 79% at pH 4 and 88% at pH 9. However, CBZ degradation was 
noticeably reduced at pH 7 (50%). 
 The Gr-TiO2 nanocomposites tend to aggregate at pH 7 near point of 
zero charge of nanocomposites. The aggregation of nanocomposites 
would decrease the effective surface area of nanocomposites leading to 
lower production of OH∙ radicals. Consequently the CBZ degradation 
is decreased 
 The CBZ degradation was inhibited by increase in alkalinity of 
solution. After 6 min, the CBZ degradation was 89% (50 mg/L CaCO3) 
> 70% (100 mg/L CaCO3) > 36% (300 mg/L CaCO3). The decrease in 








 The addition of chloride ions significantly diminished the CBZ 
degradation rate. For instance, when 1 mM CaCl2 was added the 
pseudo-first order rate constant decreased by 81%. The decrease in 
CBZ degradation is due to competition of Cl- for reactive active sites as 
well as holes and radicals scavenging by Cl- ions.  
 When 0.5 ppm HA was added, the pseudo-first order rate constant 
decreased by 87%. The inner filter effect, deactivation of catalyst 
surface by adsorption as well as competition for reactive species are 
the main reason for the inhibition of CBZ degradation. 
 The main oxidative route responsible for CBZ degradation using Gr-
TiO2 nanocomposites was identified using holes and radical 
scavengers. Results showed that photogenerated holes were the main 
oxidant responsible for CBZ degradation using Gr-TiO2 
nanocomposites. 
Finally, to facilitate the practical applications, Gr-TiO2 nanocomposites 
were immobilized on SiC membrane (SiC-Gr-TiO2). The resulting SiC-Gr-
TiO2 membrane was tested for CBZ degradation under UV irradiation in a 
continuous operation mode. It was noted that: 
 Gr-TiO2 nanocomposites were successfully immobilized on SiC 
membrane by dipping coating technique. 




 The SiC-Gr-TiO2 membrane showed higher photocatalytic activity than 
SiC membrane. After 40 min of UV irradiation, the CBZ degradation 
by SiC-Gr-TiO2 and SiC membrane were 39% and 25%, respectively. 
 When the UV intensity was increased from 0.6 mW/cm2 to 1 mW/cm2, 
CBZ degradation by SiC-Gr-TiO2 increased from 31% to 42%. And, 
when the membrane flux was decreased from 30 L/m2h to 15 L/m2h, 
CBZ degradation increased from 25% to 40%. The decrease in flux 
would increase the residence time of CBZ molecules inside the reactor 
leading to higher degradation. 
5.2 Recommendations 
In this thesis, the application of Gr-TiO2 nanocomposites was evaluated for 
CBZ degradation. The influences of operating parameters (Gr-TiO2 dose, UV 
intensity and CBZ initial concentration) and natural water chemistry on CBZ 
degradation were discussed. However, several limitations were encountered 
and were not completely addressed. Some of the recommendations for future 
research of Gr-TiO2 nanocomposites for photocatalytic water treatment are 
listed below: 
 In this study, the photocatalytic activity of the nanocomposites was 
evaluated for CBZ degradation under UV irradiation. The 
photocatalytic efficiency of Gr-TiO2 nanocomposites using visible 
light was not evaluated. From energy point of view, using renewable 
solar energy is attractive in water treatment. Therefore, more research 
works are needed to evaluate the photocatalytic activity of Gr-TiO2 
nanocomposites for pharmaceuticals degradation under visible light 




 The evaluation of photocatalytic activity of nanocomposites was 
limited to CBZ. The pharmaceuticals in urban sewage and 
conventional sewage treatment plant effluents will exist in complex 
water matrices. The degradation of pharmaceuticals coexisting with 
similar compounds may be different from its degradation in the 
absence of the coexisting compounds and could impose challenges to 
water treatment. Therefore more investigations are needed on 
degradation of these pharmaceuticals in mixed solutions. The different 
pharmaceuticals such as carbamazepine, clofibric acid, caffeine, 
acetaminophen, clarithromycin, ketoprofen, naproxen, ibuprofen, 
diclofenac and gemfibrozil can be spiked in DI water or second 
wastewater effluent and used for degradation study using Gr-TiO2 
nanocomposites. This could provide more insights on practical 
application of Gr-TiO2 nanocomposites  
 The evaluation of SiC-Gr-TiO2 membrane was studied in a lab scale 
continuous mode operation. So more research work can be done to 
investigate the stability of SiC-Gr-TiO2 membrane for long term 
operation. Also, the reactor configuration can be changed to determine 
the photocatalytic efficiency of the membrane. For instance, in the 
present study, the UV lamp was positioned on top of the membrane. 
The reactor configuration can be modified by placing the UV lamp 
immersed inside the reactor  
 In addition to pharmaceuticals, the occurrence of bacterial pathogens 
and fecal contamination in surface water might pose health risks. 
These bacterial pathogens and fecal contamination are considered as 




major agents of waterborne diseases. As the potable water is a crucial 
requirement of public health, efficiency of disinfection techniques is 
imperative for the adequate inactivation of microorganisms. TiO2 
based disinfection is considered to be a promising technique compared 
to the commonly used disinfection techniques such as chlorination and 
UV disinfection. Since, Gr-TiO2 nanocomposites show enhanced 
photocatalytic activity over bare TiO2, it can be applied for disinfection 
of water. The antibacterial activity of the prepared Gr-TiO2 
nanocomposites can be evaluated using E. coli as a model compound 
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Appendices 1 Characterization and performance of Gr-TiO2 
nanocomposites prepared using GO purchased from NanoInnova 
Technologies 
The C1s XPS spectra of GO and 0.5Gr-TiO2 nanocomposites are given in 
Figure A-1. In Figure A-1a, the peak located at 284.6 eV is attributed to 
adventitious carbon and sp2-hybridized carbon from GO. And the two peaks at 
286.7 eV and 288.7 eV is related to C-O and C=O functional groups, 
respectively (Perera et al. 2012, Wang and Zhang 2011). This oxygen-
containing carbon could produce active sites for deposition of TiO2. In Figure 
A-1b, the Gr-TiO2 nanocomposites showed a drastic decrease in the C-O 
bonding. The C:O ratio of GO and Gr-TiO2 nanocomposites obtained using 
the integrated areas under C1s peak were ~1:1.05 and ~1:0.05, respectively. 
These observations confirmed that the GO was efficiently reduced into 
graphene during hydrothermal reaction (Perera et al. 2012, Xiang et al. 2011). 
 







The GO amount was varied during nanocomposites preparation and denoted as 
nGr-TiO2, where n refers to GO content (n = 0.1%, 0.25%, 0.5%, 1%, 2% and 
5%). These nanocomposites were used to investigate the effect of GO content 
on the photocatalytic degradation of CBZ. Figure A-2 shows the CBZ 
degradation performance of TiO2 and Gr-TiO2 nanocomposites with various 
GO contents. As shown in Figure A-2 and Table A-1, the CBZ degradation 
increased with addition of different amount of GO to TiO2. Initially there was 
an increase in the pseudo first-order rate constant upto 0.5Gr-TiO2 
nanocomposites and above which a decrease was observed. This is because 
more GO addition is unfavourable for photon absorption by TiO2 thereby 
leads to a decrease in photocatalytic performance of nanocomposites (Wang 
and Zhang 2011, Wang et al. 2010). Hence, 0.5Gr-TiO2 nanocomposites were 
chosen as the best nanocomposite for further experiments.  
 
Figure A-2 CBZ degradation as function of GO content. ([CBZ]0 = 300 ppb; 
































Table A-1 The pseudo first-order rate constant and regression coefficient R2, for 





GO content (%) k (min-1) R2 
0 0.283 0.9978 
0.1 0.407 0.9959 
0.25 0.416 0.9932 
0.5 0.827 0.9833 
1 0.640 0.9870 
2 0.562 0.9875 
5 0.330 0.9969 
